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A. Gardner Fox 


A. Gardner Fox (A’40-SM’45-F’56) was born in Syracuse, 
N. Y. on November 22, 1912. He received the B.S. and M.S. 
degrees in electrical engineering from the Massachusetts In- 
stitute of Technology, Cambridge, in 1935. 

In 1936 after a short time with the General Electric Com- 
pany in Bridgeport, Conn., he joined the technical staff of the 
Bell Telephone Laboratories, where he was engaged in devel- 
opment work on mobile radio transmitters and an early radar 
project. In 1939 he transferred to the Radio Research Depart- 
ment of Bell Telephone Laboratories at Holmdel, N. J. and 
participated in the research on waveguide techniques being 
carried on under the direction of Dr. G. C. Southworth. For 


two years during the war, he was concerned with microwave 
radar antenna design at the Whippany Laboratory. In 1944, 
he returned to Holmdel, where he took part in the pioneering 
of the Bell System’s first microwave radio-relay system and 
later engaged in millimeter-wave research. Since 1953, he has 
been in charge of a microwave physics group doing research 
on ferrites, dielectrics, and semiconductors. His present inter- 
ests are concerned with problems of microwave amplification 
and modulation by means of ferromagnetic materials. 

Mr. Fox has been active on the IRE Technical Committee 


and was chairman of the Committee on Antennas and Wave- 
guides for several years. 
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The Communications Frontier Between 


Classical and Quantum Physics 
A. G. FOXt 


AN’S sophisticated art of communications has been 

built upon his ability to generate and detect co- 

herent electromagnetic waves. This art has been 

pushed to higher and ever higher frequencies, until 
now important experimental work is being carried on in the 
neighborhood of one millimeter wavelength. 

At this point, however, we seem to have arrived at a 
barrier. The physical dimensions of vacuum tubes and diodes 
have been reduced to the limits of practicality, and there is 
little hope that further progress can be made with these de- 
vices. On the other hand, the field has been greatly stimulated 
by the advent of new concepts of generating, amplifying, and 
detecting radiation by maser and mavar! processes. These 
concepts offer promise of extending coherent wave techniques 
into the infrared and optical ranges. It is too soon to say what 
uses will be made of this part of the spectrum, but there is 
little doubt that coherent radiation will prove as powerful a 
tool at these frequencies as it has at lower frequencies. At the 
moment, however, we stand at a scientific frontier which 
challenges us with a number of stimulating questions. 

What kind of a frontier is this? It might be called an infra- 
red frontier, but this is only true in a narrow sense. It is also 
the frontier between coherent and incoherent waves. In the 


broadest sense, it is the frontier between classical and quantum 


physics. 

In the past, classical physics succeeded well with most of 
the processes involving man-made, coherent radiation. When 
dealing with natural radiation produced by the random, in- 
coherent emissions of individual atoms and molecules, the 
statistical approach of quantum mechanics was necessary. 
Since the two fields seldom overlapped, the fact that they 
employed different languages was of no great importance. 

The comfortable separation which has existed between 
these two disciplines in the communication field is now dis- 
solving. Masers ise the paramagnetic moments of individual 
atoms to produce coherent waves, and quantum mechanics is 
the language used to describe their behavior. Ferrites also can 
produce coherent waves by means of atomic magnetic mo- 
ments, but because these moments are strongly coupled so 
that they operate in a coordinated manner, their behavior is 
best described classically. The only real distinction between 
the two processes is the presence of the coupling forces, It is 
becoming very important, then, to break down the barrier 
between the languages of classical and quantum physics so 
that physicists and radio engineers can translate freely. 

It might be argued that, in the future, radio engineers 


+ Bell Telephone Labs., Holmdel, N. J. . ; ; 4 
1 Also called variable reactance amplification, parametric amplification. 


should learn more about quantum physics. This is certainly 
true, but it is not enough. The language of quantum physics 
involves the mathematical formalism of selection rules and 
density matrices, but it is lacking in the tangible physical 
pictures of atomic processes which the radio engineer would 
like to have. In the development of quantum theory, the 
demand for physical models of complex atomic processes often 
has seemed hard to fulfill. Useful results could be obtained 
by sidestepping the models and relying entirely on abstract 
mathematical symbolism. By now, it is frequently assumed 
that because the detailed mechanism of atomic processes can- 
not be absolutely determined, it is futile to seek physical 
understanding of them. The writer does not believe this. On 
the contrary, it is important to develop a physical understand- 
ing of quantum theory to the fullest extent possible. 

This is necessary in order that the knowledge given to us 
by quantum theory may be fully exploited. The researcher, 
interested in ferreting out new facts of nature, may be content 
when he is able to express nature’s processes in compact 
mathematical form, even though such a description may bring 
no physical understanding. But mathematics is primarily an 
analytical tool. It can express quantitative relationships, but 
it cannot tell how to use them to make something new and 
useful. This requires an act of creative imagination. And while 
there may be individuals who can create within a framework 
of mathematical symbolism, they are rare. Most inventors can 
create effectively only when they have a “physical feel” for 
the processes they are conjuring with. 

As an illustration, it is not sufficient to know the power 
and frequency relations between the pump and the signals in 
a ferrite mavar or a ruby maser in order to build an operative 
microwave amplifier. It is also necessary to know what polar- 
izations of waves will be absorbed and emitted by the atomic 
reactors when magnetized and pumped in given directions, 
and how these polarizations can be coupled to the electro- 
magnetic modes of a cavity or waveguide. Thus, a considerable 
knowledge of spatial relations is necessary, and these can best 
be remembered and visualized if a physical model is available. 

Finally, the attempt to find a physical interpretation of 
mathematical results has in many instances produced an im- 
proved understanding of basic physics. 

Since the merging of quantum techniques and microwave 
techniques appears to be the coming thing, work in this field 
is particularly challenging today. The accumulated knowledge 
of atomic physics can be more quickly put to work in creating 
new devices for communications if a concerted effort is made 
to bridge language barriers and improve our physical under- 
standing of quantum processes. 
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Mechanical Design and Manufacture of 
Microwave Structures” 
A. F. HARVEYt 


Summary—The paper gives an account of the various aspects of 
the design and manufacture of microwave structures. The presenta- 
tion of design information such as dimensions and tolerances is first 
discussed. Machining and other fabrication processes are then exam- 
ined. Several methods of metal casting and associated techniques 
are described and the electrodeposition of waveguide components 
studied. Such final stages as inspection procedure, protective finish- 
ing and packaging are considered. The survey concludes with a 
bibliography. 


ENGINEERING FEATURES 


Design Information 


ECENT developments in microwave engineering 
R have, toa large extent, been devoted to improved 
methods of design, manufacture and inspection. 
The essential parts of microwave structures are the 
surfaces which carry RF currents and the volumes in or 
around which the electric and magnetic fields exist. 
These parts are invariably internal and since they are 
required to be accurate in dimensions and smooth in 
surface their manufacture has presented special prob- 
lems. There are currently a large number of manufactur- 
ing processes [68], [99], and several of these have been 
found [8] satisfactory for microwave structures. In the 
choice of a suitable method, the technical considerations 
to be taken into account include complexity and accessi- 
bility of replaceable components, reliability, reproduci- 
bility, possible multiplicity of techniques, size, and 
weight. 

The bulk and weight of microwave assemblies can be 
reduced by employing compact types of transmission 
systems, ¢.g., strip-line, dielectric-filled, and ridged 
waveguides. An alternative method consists in the use of 
topological rearrangement so as to form a compact con- 
figuration of components. This can be obtained by the 
elimination, as far as possible, of couplings, corners, 
twists, and conversion adaptors, to give an integrated 
assembly requiring less drawing and office work, and 
possessing greater robustness and simplicity of manu- 
facture. 

Miniaturization and simplification are achieved in 
the micromaze construction of Lewin [62]. An example 
is shown in Fig. 1(a). An integrated planar assembly 
was obtained by milling slots in a base- and cover-plate, 
into which partitions were inserted, thereby creating 
several waveguide channels side by side. Such built-in 
elements as hybrids, directional couplers, and filters, 
employed multipost construction [22]. The planar inte- 


* Manuscript received by the PGMTT, March 30, 1959, 
t Royal Radar Establ., Malvern, England, 


erated assemblies described by Jamieson [52], [53] are 
suitable for structures containing hybrid rings and di- 
rectional couplers. They permit several methods of 
manufacture and are economical for quantities of order 
of 100 off. An example is shown in Fig. 1(b). 

Microwave structures are relatively expensive to 
manufacture and thus economy of the over-all produc- 
tion process is important. The cost of manufacture can 
be kept low by methods of mass production, because the 
special tool costs are spread over a number of items. 
This implies a degree of standardization of the product 
while consistency and good technique are obtained from 
specialization. 

The ultimate inspection and testing of the article have 
an influence on the design. A high production yield, or 
diminished manufacturing cost can be achieved by re- 
laxation of tolerances as much as possible. On the other 
hand, if the tolerances specified for individual parts are 
too lax, then the cost of rejection due to testing of and 
selection for the final complete assembly becomes high. 
Thus, it is evident that there is an optimum set of de- 
sign tolerances. This optimum will, of course, be a func- 
tion of the method of manufacture, procedure of testing, 
number of items produced, and other parameters. 


DIRECTIONAL HYBRID RECEIVER LOCAL OSCILLATOR 
NCTION Irivit 
COUPLER JUNCTIONS SERSVITY | F SISNAL FORWARD 
\ ANTENNA 


\ MONITOR POWER 
f MISMATCH 


Y = 
BAND-PASS FILTERS (a) TO MIXERS TO MAGNETRON (>) TO ANTENNA 


Fig. 1—Planar construction of microwave assemblies; (a) microwave 
repeater for 4 kmc using 2X j-inch waveguide, (b) typical RF 
head for 9.5 kme using 0.9X0.4-inch waveguide. 


Dimensions and Tolerances 


To insure that the ultimate electrical performance of 
a microwave structure is satisfactory, it is necessary that 
drawings and specifications should state the exact 
manufacturing requirements in engineering terms. If 
the drawing merely outlines the conditions of mechani- 
cal interchangeability, then only minimum necessary 
data, often called control information, need be included. 
For example, in the bolted-type coupling shown in Fig. 
2, the control information would include the diameters, 
the positions and lengths of the clamping holes, the 
squareness of the mating face, and the calling up of par- 
ticular mechanical gauges. If, on the other hand, the 
drawing is intended for manufacturing purposes, addi- 
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tional information would, in this instance, include ma- 
terial, secondary dimensions and tolerances, provision of 
chamfers, and surface finish. 

The nominal dimensions in any given design are 
usually obtained by theoretical calculation and by elec- 
trical measurements on a prototype model. The guide 
wavelength and characteristic impedance of a wave- 
guide depend on its cross section; since microwave 
structures are often resonant or contain critically 
spaced admittances, the dimensions of the internal vol- 


-umes must be closely controlled. In practice, the toler- 


ances required are 1/2000 to 1/10,000 of the free-space 
wavelength and thus range from 0.001 to 0.00001 inch 
over the microwave region according to the type of in- 
strument or component. The small radius in the corners 
of rectangular waveguide modifies slightly the charac- 
teristic impedance. If this change is restricted to one 
part in 1000, then the permissible radii range from 
0.002 to 0.050 inch depending upon the guide size. 

The effect of a change in a nominal dimension on the 
electrical performance is not easy to obtain from prac- 
tical data, and it is necessary to break down a structure 
into simple elements such as irises, transformers, posts, 
and teejunctions. The behavior of these can then be 
examined individually with regard to tolerances and the 
structure built up again, making due allowance for can- 
cellation effects. 


Fig. 2—Typical parameters requested on a drawing; (a) material, 
(b) toleranced dimensions, (c) surface texture, (d) flatness and 
squareness, (e) chamfers on mating face, (f) spot facing, and (g) 
use of inspection gauges. 


As an example, Fig. 3 gives the tolerance on the width 


of an asymmetrical inductive obstacle of zero thickness 


plotted as a function of this width, both dimensions 
being expressed in terms of the cross section of the 
waveguide. The curves are constructed on the assump- 
tion that the obstacle is used as a matching device, the 
performance parameter being a/), times the imaginary 


part of the reflection coefficient. Tolerances of the 
same order have been shown, in unpublished work by 


W. B. W. Alison, to exist for other types of elements 
and obstacles of both zero and finite thickness. 
Tolerances tend to be especially close in structures 
such as rotating joints and polarizers where more than 
one mode may be propagated. For example, slight ellip- 
ticity in a nominally circular waveguide may cause a 
relative phase shift of two mutually perpendicular 
plane TE modes [80]. This means that both a circu- 
larly polarized and a plane polarized wave would be 
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rendered elliptical by an imperfect waveguide. The 
phase errors have been examined in unpublished work 
by G. J. Rich and T. B. A. Senior. They may be calcu- 
lated from the curve of Fig. 4 by taking the value of K 
and inserting it into 


¢ = K(a— 6)/a (1) 


where ¢ is the phase slip in terms of the nominal guide- 
wavelength and a and bare, respectively, the major and 
minor axes. For example, at a frequency of 9.375 
kmce and a tube of diameter 0.875 inch, one meter in 
length, phase slips of 1.6° and 90° would be obtained for 
differences of diameter of 0.0001 and 0.005 inch, re- 
spectively. 


a a OD, 


AN | 


rar ae a aT 


“OS 
4 


ee L 

© ons = Aer) O15 O10 -O0S fo) “005 “0lo O1s adjfa 7° + -025 

Fig. 3—Effect of dimensional tolerance on electrical performance. 
The figures on the curves are a/\, times the imaginary part of the 
reflection coefficient. 
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Fig. 4—Computation of phase errors in deformed circular guide. 


A microwave structure will normally contain a num- 
ber of toleranced dimensions and, if allowance were 
made for the worst case of all tolerances being unfavor- 
able, then they would have to be unnecessarily close. 
Statistical relations between VSWR and attenuation 
and the magnitude and spacing of discontinuities in 
microwave structures were derived by Moore [67] and 
Mullen and Pritchard [71]. Their analyses assumed that 
the complex voltage reflection coefficients are small and 
additive so that 

N 


A = ye p,er7*, 


it=1 


(2) 


It was further assumed that the line lengths between 
discontinuities are independent of each other, that all 
values of @ between 0 and 27 are equally probable and 
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that the total number of discontinuities is large, say, 
N>8. It was shown that the over-all reflection coeff- 
cient has the Rayleigh distribution 


Wp) = (0/0m2)e-*'/ 2pm? (3) 


where p» is the most probable value of p. 
If po is the rms value of the p’s, then 


pm = (N/2)1/2po. (4) 


The probability P(p) that the reflection factor is less 
than p is given by 


P(p) -{ W (o)dp 
0 
= 1 — 6 P°/2pm”, (5) 


This result may also be expressed in terms of S, the 
VSWR, as follows: 


aK ; ~(——) =) (6) 
oY x | FNS San. 
This value of P(S) is plotted in Fig. 5(a) against S, with 
Sm as parameter. These curves can be used to compute 
the probability that, among a large number of possible 
designs with the same set of discontinuities, the VSWR 
of a particular design will be less than S. 

Further results can be obtained if p’ is defined as that 
reflection coefficient which there is only a 10 per cent 
probability of exceeding. Using (5), 


p’ = 1.52/29, (7) 


and the corresponding 5S’ is plotted in Fig. 5(b) against 
So for representative values of NV. These curves permit 
a designer to predict, given a number of discontinuities 
and their typical values, a result for the over-all VSWR. 

The effect of variation of frequency was considered 
as a sampling problem. When the frequency has changed 
sufficiently for the average electrical length between 
discontinuities to change by z, the individual reflec- 
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tion coefficients have changed their phases enough so 
that their sum can be considered as a new random vari- 
able. On this basis NV, the number of independent fre- 
quency points spaced by Af, is given by 


Ny = fo/Af = 2fel/fr (8) 


where fy, J, f, and \ are, respectively, the bandwidth, line 
length, frequency, and wavelength. The joint prob- 
ability that, at the N; frequency points, there will be NV; 
cases when the reflection coefficient is less than p, is sim- 
ply P¥/(p). The value of P¥/(p) is plotted in Fig. 5(c), 
using the normalized abscissa p/pm with N;a parameter. 

In the specification of microwave structures, an upper 
limit should be given to the roughness [36] of the 
internal surfaces. The various grades of surface texture 
have been standardized [122] and are expressed, either 
as the rms or center-line-average height of the irregu- 
larities, in the range of 1-1000 microinches. For the 
short lengths of transmission line normally encountered 
in the average microwave equipment or when operation 
is at relatively low frequencies, a fine surface texture 
is not necessary. It becomes more important in the case 
of high Q-factor resonant cavities and in equipment for 
millimeter wavelengths. For general purposes [109] the 
surface roughness should not exceed about one half the 
electrical skin depth and thus, according to the fre- 
quency and material employed, values from 2—63 micro- 
inches are usually specified. 

It is generally the primary texture, or roughness re- 
sulting from the action of the tool, which is of concern. 
The effect of secondary texture such as long-period 
waviness, resulting from imperfections in the perform- 
ance of the tool, is small provided that, as is usual, the 
depths of the irregularities are much less than a wave- 
length and are within the specified dimensional toler- 
ances. In those operations which produce a surface 
texture having a directional quality or lay, the method 
of manufacture should be such that this is parallel to 
the current flow where the latter is unidirectional. 


Fig. 5—Statistical distribution of refl 
in only 10 per cent of cases, (c) cumulat 
quency band fi. 
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MACHINING AND ALLIED PROCESSES 
Precision Machining 


The manufacture of microwave structures, which 
demand dimensional accuracy and good surface finish, 
has always relied to a large extent upon precision ma- 
chining involving skilled labor and high-grade machine 
tools. Some economy is achieved by the use of copying 
methods involving jigs or templates; these may take 
the actual form of the work or may exercise control re- 


motely by mechanical or electronic means. Such tools 


are special to the particular item produced and their 
use is justified only for large quantities. 

One of the simplest copy tools is a drilling jig for ma- 
chining accurately-positioned holes. The use of fixtures 
enables broaching to be employed for the manufacture 
of microwave components. By commencing with an 
undersize circular hole, the use of a series of broaches 
enables parallel-sided sections of a variety of shapes to 
be obtained with high accuracy and good surface finish. 
If the teeth are omitted from one or more faces of the 
broach, then channels can be formed in mating pieces of 
metal. A machined face with, say, choke and gasket 
grooves can be turned by the use of a form tool; a simi- 
lar technique can also be used for milling. Another tool 
method is copy milling in which the cutters are con- 
trolled, by means of a pantograph mechanism, from a 
master pattern. 

Large quantities involving elaborate machining might 
justify the use of such automation techniques as elec- 
tronic machine control. In these systems, operations 
like drilling, turning, or milling are controlled by nu- 
merical information supplied by magnetic or paper tape, 
punched cards, or hand setting on control knobs. This 
involves an extra process—that of translating the spatial 
information from the drawing or design into numeri- 
cal control signals—which, once done, will enable the 
electronic control system to carry out the various proc- 
esses with the maximum speed at which the machine 
tool is capable of operating. While the accuracy of the 
measuring and positioning devices may be as good as 


‘0.0001 inch, the over-all accuracy of setting depends on 


other factors as well and may be about 0.0005 inch. The 
control methods employed fall into two main groups. 

In discrete position control, the work piece is brought 
up to the operating tool in a series of fixed positions. For 
example, the work table of the machine has to be moved 
in two dimensions under the control of numerical infor- 


mation on the x and y coordinates of, say, the hole to be 


drilled. When the required point is under the drilling 
tool, the worktable is brought to rest by a form of servo- 
mechanism operated by an error signal generated by the 
difference between the control setting and the position 
of the worktable. 

The method of continuous position control in which 
the work moves continuously past the tool is more com- 
plicated. The general principle for, say, milling a piece 


Harvey: Mechanical Design and Manufacture of Microwave Structures 


405 


part to a certain contour is that the numerical input 
information provides sets of coordinates of marker 
points defining the contour while a computer interpo- 
lates the intervening points in suitable curves. In one 
design, the output of the computer consists of sets of 
pulses which specify completely the contour to be ma- 
chined in terms of increments of distance from a given 
reference plane, 

As an example of the process times involved, some 
data are given [51] for different methods of milling a 
planar integrated waveguide assembly. Precise milling 
operations, with a Kearney-and-Trecker machine, on 
rolled aluminum sheet required a time of 35 hours, and 
the use of precast blocks to eliminate the initial rough 
milling did not appear to be justified economically. The 
use of a Gorton copy-mill reduced the time to ten hours, 
while a Tracemaster machine, using hydraulic control 
and a power feed, reduced the machining time to five 
hours. Best results were obtained with an electronic- 
control power-driven milling machine which carried out 
the operations in a time of two hours. In all cases, the 
design accuracy of +0.001 inch was maintained. 


Pressing and Hobbing 


Pressing: Several methods of manufacture are based 
on the shaping of metal. Waveguide tubing of rectangu- 
lar, circular and ridged cross section is invariably made 
by a drawing process [100] from a cylindrical billet. A 
variety of materials can be worked, and a bonded silver- 
sheath can, for example, be included inside a stainless- 
steel waveguide to give good conductivity and high 
mechanical strength. This method of manufacture is 
employed for sections ranging from 0.080 by 0.040 inch 
up to 11.50 by 5.75 inches. A small radius is required on 
the internal and external corners to give a reasonable 
life to the drawing dies. 

Microwave components can be made from thin metal 
sheet by pressing it into U-shaped sections which are 
then soldered or riveted together to form the required 
shape. Contact shims can be made by stamping proc- 
esses. Hot stamping of brass and other nonferrous 
metals is often employed. Typical examples are cou- 
pling flanges for waveguides of sections 0.50 by 0.25 inch 
to 6.50 by 3.25 inches. 

Extrusion is a hot process carried out at a temperature 
near the plastic range of the metal. It has been used for 
the production of aluminum waveguide tubing. In im- 
pact extrusion, the component is formed under high 
pressure and may be used with metals such as mag- 
nesium. A pellet or small ingot is placed on the lower 
half of a hardened press tool which has the inner form of 
the component. The upper half of the tool takes the 
shape of the exterior. As the press closes, both the pellet 
and tool being preheated, the metal is displaced to fill 
the cavity and thus forms the component. 

Hobbing: In the process known as hobbing, a hard- 
ened steel! tool, termed a hob and machined and ground 
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to a male replica of the required internal section, is 
pressed slowly into a metal blank and then withdrawn. 
The dimensions and form of the master are faithfully 
reproduced and no additional machining is required. 
Adequate support against bursting is required around 
the cavity and, to avoid providing excess material 
which subsequently has to be removed, it is usual prac- 
tice to place the blank in a close-fitting bolster or nest 
made of nickel-chrome or other suitable steel. A typical 
arrangement is shown in Fig. 6, The press containing 
the hob should have a double-acting plunger and possess 
adequate capacity; a 200-ton bridge-press with pneu- 
matic control has been found satisfactory for the hob- 
bing of microwave structures. The length of the blank 
usually exceeds that of the cavity required in the fin- 
ished component so that there is no need to force the 
hob right through the blank. 

Microphotographs of etched sections of hobbed 

blanks have shown that this process involves consider- 
able plastic flow of the material in both radial and axial 
directions [114]. This flow places limitations on the 
shapes of cavities that can be hobbed, but, even so, the 
method can be employed for a variety of sections rang- 
ing from the simple to the quite complicated. Only sym- 
metrical structures can be hobbed and, to avoid the risk 
of tool breakage, the length of the cavity should prefer- 
ably not exceed eight times the larger cross-sectional 
dimension. 

Although iron and steel can be hobbed, the plastic 
flow of the material tends to favor the selection of 
nonferrous metals such as aluminum, brass and copper. 
Aluminum of 99 per cent purity, such as materials to 
BSS 1476EIC or 2L34, may be hobbed cold using a 
mineral-oil lubrication. Copper and brass, in view of 
their rapid work hardening, require heating to about 
800°C before hobbing. This is preferably carried out in 
an electric muffle furnace, from which the blank is then 
transferred rapidly to its bolster. After hobbing, a period 
of 30 seconds is allowed to elapse, after which the blank, 
with hob in position, is quenched in water. The hob is 
then extracted cold, a process which gives minimum 
shrinkage, accurate dimensions, and good surface finish. 
Suitable materials are oxygen-free copper, and brass 
to BSS 251 which contains 61 per cent copper and 1/13 
per cent tin; brass containing lead tends to crack and is 
thus not suitable. 

Unless the dimensions are very small, the wear on 
hobs during use is negligible and they are thus ground to 
the size of the finished cavity, making a small shrinkage 
allowance in the case of hot hobbing. A small chamfer 
of about 0.001 inch is necessary on all sharp exterior 
angles to prevent cracks and splintering due to stress 
concentration. The hob is usually provided with a large 
head fitted with a flat face or collar to take the force 
applied by the press. 

The steel used for the hob must be capable of deep 
hardening without distortion and must be of a dense, 
tough structure capable of withstanding compression 
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Fig. 6—Hobbing a metal blank. The general arrangement also 
shows the lines of flow in the metal. 


loads up to 200 tons/inch®. It must not “pick up” the 
softer metal of the blank and must permit smooth and 
easy withdrawal of the hob. In hot hobbing the ma- 
terial must be such that its temper is not drawn. A ma- 
terial found suitable for cold hobbing is 18 per cent 
tungsten high-speed steel; the other constituents being 
0.75 per cent carbon, 4.5 per cent chromium, and 1.2 
per cent vanadium. After heat treatment in two stages 
at 400—-500°C, it is hardened at 1300°C, quenched in oil 
and tempered. The hardness figure required is about 
C62 Rockwell, with an ultimate tensile strength of 135 
tons/inch?. This material may also be used for hot 
hobbing, where maximum strength is desired, but an 
alternative for normal hobs, which retains its character- 
istics for a considerable period under hot working condi- 
tions, is an 8.5 per cent tungsten hot-die steel: the other 
constituents are 0.26 per cent carbon, 3.0 per cent 
chromium, 0.25 per cent vanadium, 0.5 per cent molyb- 
denum, and 2.5 per cent nickel. After heat treatment at 
800-850°C it is hardened at 1050-1100°C, quenched in 
oil and tempered to a hardness of C47 Rockwell and a 
tensile strength of 100 tons/inch?. 

Hobbing has found considerable application in the 
production of hollow structures with parallel, stepped, 
or tapered sides. The requirement of insertion and with- 
drawal of the tool does, however, mean that re-entran¢t 
shapes cannot be formed. The outside surfaces of the 
blank are machined to remove surplus metal and correct 
for the distortion which takes place during hobbing. 
The accuracy obtainable depends upon the complexity, 
but 0.001 inch is easily obtained with 0.0002 inch as a 
lower limit, and the repeatability of the dimensions is 
usually within 0.0001 inch. The surface finish depends 
upon the material of the blank but may be as good as 
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four microinches, while the bulk metal is nonporous and 
will withstand vacuum or high pressure. 

A hob and an 18-vane magnetron anode made from it 
are shown in Fig. 7(a). In order to obtain a square 
shoulder, the hob is reduced in section and brazed into 
its holder. The hob shown in Fig. 7(b) was employed for 
producing an item containing two blind semicircular 
choke-grooves, 0.125 inch wide by 0.375 inch deep and 
0.687 inch in radius, positioned in relation to the rec- 
tangular aperture of 0.90 by 0.40 inch within +0.001 
inch [118]. A simple taper between rectangular wave- 
guides can be made by means of the hob in Fig. 7(c), 
while the H-section aperture in Fig. 7(d) is an example 
of a component which could not otherwise be made. 


Spark Machining 


The spark-machining or erosion process was devel- 
oped [63], [82], [111] mainly for producing holes in 
hard steels, but it has also proved useful in forming 
small apertures of complicated shape in microwave 
structures. The general arrangement is shown in Fig. 8, 
from which it will be seen that the process relies basi- 
cally on an electrical discharge or spark taking place be- 
tween an electrode and the workpiece. The discharges 
occur in rapid succession and the erosive action is 
greatly intensified by submerging both tool and work- 
piece in a suitable dielectric such as paraffin or light oil. 
Apart from cooling, the incompressibility of the liquid 
_ restricts energy release to a much smaller space, result- 
- ing in a considerable increase in energy density. 

The cutting action starts when the gap between the 
tool electrode and the workpiece is narrowed down to 
the breakdown voltage. At the point of highest field 
strength, a spark will pass, pitting the workpiece and, 
to a smaller extent, the tool. The next spark will simi- 
larly discharge at another point where the field strength 
happens to be highest, and this process will be repeated, 
the spark always following the locus of the highest field 
_ strength. 

The energy of the spark is derived from a bank of 
capacitors which is charged through a resistance from 
a high-voltage dc supply; the discharge takes place at 
the optimum voltage. The spark frequency is limited to 
about 10 kc by de-ionization effects in the gap. The 
total capacitance of the capacitors determines the in- 
tensity of the spark. This intensity affects the speed of 
cutting and the surface finish—the larger the spark the 
faster the rate of cutting but the rougher or more pitted 
the surface. There are a number of machines specially 
designed for this process. The U.K. examples of the 
“Sparcatron” made by Impregnated Diamond Prod- 
ucts, the “Erodomatic” of Wickman, and the “G.K.N.” 
of Welsh Metal Industries are typical. 

In practice, there is a clearance of only 0.003 inch be- 
tween the electrode and workpiece, and thus quite in- 
tricate forms can be produced. The choice of electrode 
material depends on the metal being machined and is 
important in view of the considerable wear which takes 


Harvey: Mechanical Design and Manufacture of Microwave Structures 


407 


(a) 


l= 
SS 


SEALING 
GROOVE 


CRESCENT 
CHOKE 


(ii) 


Fig. 7—Typical hobs and finished parts. The hobs are shown in 
(c) and in (i) of (a), (b), and (d); while the articles so formed are 
shown in (ii) of (a), (b), and (d). 
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Fig. 8—Manufacture by spark machining. Example shown is a 
multiple-slot directional-coupler in 0.9- by 0.4-inch ID, 0.05- 
inch wall, waveguide. The operation is half completed. 


place. Normally the electrode wears or erodes at about 
one sixth the speed of the workpiece, and thus the hole 
is initially slightly tapered. This is eliminated when the 
electrode has passed through the work, for the unused 
portion opens up the hole to the correct size. Dimen- 
sional accuracy of the order of +0.002 inch/inch with a 
surface finish of 20-30 microinches can usually be 
achieved. In the illustration, the small transverse and 
longitudinal slots in a directional coupler are being spark 
machined; several are being done at one operation to | 
save time. Spark machining has also proved satisfactory 
for linear antenna arrays with slots cut in the broad face 
and anode blocks of millimeter-wave magnetrons. 
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MetrHops OF FABRICATION 


Soldering and Brazing 


Waveguides in very small sizes, lightly-stressed com- 
ponents-supported inside equipment, and accurate test 
gear are usually designed for assembly by soft soldering, 
since the low temperatures involved minimize distor- 
tion [65]. Where mechanical strength and fatigue resist- 
ance are required, the parts are usually assembled by 
brazing [11]-[13]; this is a process in which the metals 
are joined without raising them to their melting point, 
by the use of a filler alloy of lower melting tempera- 
ture which is drawn along the joint by capillary action 
[5]. Copper brazing [98] as well as the medium-tem- 
perature Easiflo processes may be employed. For com- 
plicated assemblies and production quantities, some 
suitable methods are furnace brazing, surface heating 
and induction heating, where temperature and opera- 
tional times can be closely controlled [24]. 

Light alloys of aluminum and magnesium are often 
employed in the construction of microwave components 
[1], [84]. Such structures may be held together with 
epoxide resins [35] such as Araldite [70], provided some 
mechanical pinning is incorporated to give alignment and 
strength. The soldering and brazing of, for example, 
aluminum presents difficulties due to the film of oxide 
which rapidly forms on the surface. This oxide is re- 
fractory and requires active fluxes at high temperature 
for removal. 

In one method of assembly, the contact areas are 
electroplated with copper and, after tinning, joined with 
soft solder. The oxide film can be removed at low tem- 
peratures by various forms of vibratory soldering irons 
[73], [96], thus enabling tinning and subsequent soft 
soldering to take place. Such joints, because of the com- 
bination of metals present, are liable to corrode; but one 
example, after being coated with Araldite and cured at 
130°C for 7 hours, successfully withstood humidity and 
salt-spray tests [107]. 

A number of special aluminium soft solders have been 
employed for microwave components [6], [112]. Zinc- 
based alloys have an operating temperature of 450°C 
to 500°C, but their penetration in lap joints tends to be 
variable. Another alloy contains 67 per cent cadmium 
and 33 per cent zinc, but its melting range of 265°C to 
310°C puts its operating temperature above the satis- 
factory range for ultrasonic iron and organic flux ap- 
plication, and it therefore has to be applied to the alu- 
minum surfaces by scratching methods. There are one or 
two tin-rich solders, e.g., 76 per cent tin, 20 per cent 
zinc, 4 per cent aluminum, which have given satisfac- 
tory corrosion results but, in general, these results be- 
come increasingly suspect with solders rich in tin, cad- 
mium, and lead; 7.e., the lower melting-range solders. 
One product, with a working temperature of 200°C, 
showed signs of corrosion after humidity tests. 

Stronger and more reliable joints can be made with 
processes which employ pure aluminum, such as argon- 
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art welding [66]. The parts may then be given protec- 
tion against corrosion [107], [121] by anodizing. A simi- 
lar advantage exists with brazing processes [57], [91], 
[102]. The fillter rods used are of an aluminum-silicon 
alloy with a melting temperature some 50°C below that 
of the metals to be joined. The parts should be de- 
greased and scratch-brushed to reduce the thickness of 
oxide. A suitable flux, preferably as a distilled-water 
suspension, is applied to the surfaces to be joined and 
also to the filler rod. The joints should preferably be of 
the lap type, and gaps should be of 0.005—0.015 inch 
and preferably tapered to assist the capillary flow of the 
filler. Flame brazing requires skill, but has been em- 
ployed, for example, in the assembly of coupling flanges 
on waveguide tubing. 

In dip-brazing, the component parts, which must be 
made of nearly pure aluminum and be suitably sup- 
ported, are immersed in a bath at brazing temperature. 
Where jigs or fixtures are used, Wernz recommends that 
they be designed specifically for dip-brazing, since ex- 
perience proves that hooked springs with locking bars, 
springs with key-hole slots, and similar holding devices 
are the most satisfactory [97]. The fixture body must be 
adequately braced to avoid warping during heating or 
cooling and, if necessary, provided with supporting legs. 
Fixtures should be made of materials such as Inconel, 
Nimonic, nickel and some stainless steels. 

In salt-bath or flux-dip brazing, the joints are filled 
with a material rich in aluminum [17], [92]. The whole 
assembly is then immersed in a mixture of salts which 
acts as a flux and also raises the temperature to a value 
in excess of the melting point of the filler but below that 
of the aluminum. In such dip-brazing processes distor- 
tion is eliminated and cleaner and more uniform joints 
are obtained. 

In another bath process, the joints are painted with 
flux and the assembly is immersed in a special alloy con- 
taining silicon in solution [104]. The aluminum oxide 
film is removed under the action of the hot flux, and the 
metal along the joints takes in silicon from the solution, 
forming an alloy with a eutectic melting-temperature 
below that of the bath. The joint is thus made with a 
molten metallic deposit. The aluminum still continues 
to absorb silicon and, as the alloy changes in composi- 
tion, so its melting point eventually rises above the 
bath temperature, thus enabling the parts to be re- 
moved. 

A technique of self-jigging of waveguide components, 
providing lighter and more flexible designs, involves the 
use of brazing-alloy-clad aluminum sheet [108]. This 
sheet is punched to the required size and shape and as- 
sembled by an interlocking tag-and-slot construction. 
Tolerances on 0.90 by 0.40 inch waveguide parts can be 
maintained, after dip-brazing, to within 0.002 inch. 
Using this technique it has been possible to produce a 
complicated assembly weighing only one pound. A simi- 


lar system produced by die casting weighed eight 
pounds, . 
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Bending and Twisting 


In the bending of both circular and rectangular wave- 
guide, care must be taken to avoid distortion. The bent 
waveguide is thrown partly into compression and partly 
into tension about a dividing line termed the neutral 
axis. The part of the tube in tension must stretch, so that 
it becomes thinner in wall section, and the part in com- 
pression must shorten, so that the wall becomes thicker. 
These changes tend to zero at a short distance along the 
straight portion and beyond the tangent line of the 
bend. 

Before bending the tubing, it is desirable to bright- 
anneal it at, for example, 500°C in the case of brass and 
copper. One simple bending method, requiring manual 
skill, consists in filling the guide with materials such as 
hard waxes or fusible alloys like Cerrobend. A draw- 
bending method is then employed, the tube being 
gripped by form-and-clamping dies while being allowed 
to slip between the pressure-and-wiper dies. The tube is 
constrained by top and bottom plates and its outside 
surface is lubricated with mixtures containing, say, 
castor oil, graphite, white lead, or waxes. All surfaces 
which come into contact with the waveguide should be 
hardened, ground, and polished, to minimize friction 
and wear. 

Better accuracy is obtainable with the mechanized 
process [118] shown in Fig. 9. The particular example 
is an E-plane bend of 3-inch radius in 0.90 by 0.40 
inch guide. The tubing is formed in a tool which con- 
tains, between two side plates, an upper punch and a 
lower die. During bending, the punch is pressed slowly 
downward by a fly-press, while being guided by locating 
surfaces in the die. The waveguide is supported inter- 
nally by mild steel strips [120] placed normal to the 
radius of curvature. A suitable material is Chesterman’s 
0.020-inch thick tape, which is just wide enough to enter 
the guide. Before they are loaded, the tapes are given a 
film coating of lubricating oil, and it is usually neces- 
sary to pull the last tape through with a motor driven 
attachment, a device also used for the final extraction 
after bending. 

For even greater accuracy of section, the waveguide 
is degreased, annealed again and cleaned, the internal 
bore then being sized by having rollers pushed through 
it. In practice, a set of 10-20 rollers of varying diameter 
is employed, the smallest being 0.010—0.020 inch less 
than the final tube size. Each roller, as it is inserted, 
swages the metal of the walls and irons out any small 
irregularities. The rollers may be pushed through by 
the fly-press or, as illustrated, by a screw attachment to 
the bending tool. 

An articulated drawing mandrel was used by Fuchs 
for producing bends in rectangular waveguide. This em- 
ployed a draw-bending technique in conjunction with 
a hydraulic bender operating on an automatic cycle 

[34]. As the tube is bent by rotation of the form-and- 
clamping dies, the articulated links follow the curved 
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Fig. 9—Press tool for bending waveguides; (a) waveguide tube, 
with shims in position, during bending, (b) insertion of rollers 
for final sizing. 


form and provide internal support. To avoid wrinkling, 
the faces of the wiper and form dies are offset by the 
amount of the increase in wall thickness. By this means, 
a production rate of 100 bends per hour can be achieved. 

In small radius bending, the outer wall is severely 
stretched and fracture may occur. To reduce this ten- 
sion, force can be applied to the end of the guide to cause 
compression. This “boosting” has the effect of shifting 
the neutral axis towards the outside of the bend. To 
prevent the tube from leaving the form die, in sharp or 
zero radius bends, support is given by a chain-like mem- 
ber. This method is also suitable for compound bends 
and for mitre-shaped tuned corners of various angles. 

Rectangular waveguide may be twisted axially by a 
suitable fixture, distortion being minimized by the use 
of wax or fusible alloys as a filler. Steel tapes cannot be 
employed, but accurate sections have been obtained by 
0.020-inch thick shims inserted transversely in the 
guide; after the twisting, these are simply pushed out. 
Step twists are considered as a small component and 
may thus be fabricated in any of the usual ways. This 
also applies to waveguide corners or elbows, whose 
method of manufacture depends upon the particular de- 
sign and the quantities involved. 


PRECISION CASTING 


Permanent-Patiern Processes 


Conventional metal casting, in which a sand mold 
is made with a permanent pattern, is only employed for 
the larger microwave structures or when some finish- 
machining can be tolerated. In most cases, the various 
improved methods known as precision casting are pre- 
ferred [33]. In one of these, centrifugal casting, the 
molten metal is poured into a cup or hole in the center 
of a revolving table and forced through channels into 
the molds by force [4]. Better quality castings are 
thus obtained because air pockets and occlusions are 
not formed. 

In another modification, a shell-mold of fine sand 
and resin may, after removal of the pattern, be backed 
to form a smooth-surfaced refractory into which the 
metal can be poured. Such molds are compact and 
light, being simply placed on the foundry floor for cast- 
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ing. The risk of slight distortion in the baking process is 
avoided in the casting method in which the sand is 
mixed with a chemical so that the mixture sets hard in 
the presence of carbon dioxide. 

Several precision-casting processes are based on the 
use of ethyl silicate, a colloidal ester of silica and ethyl 
alcohol [83]. In the presence of a small proportion of 
water or other reagent, this compound goes through a 
gelling process, finally condensing to a solid. It is usual 
to add to this reactive liquid sufficient powdered-re- 
fractory filler to form a smooth, easily-poured slurry. 
In the Shaw process, the slurry is poured over a pattern, 
preferably of metal, arranged to give the desired parting 
lines [123], [124]. After a short period, the mixture gels 
to a tough, rubber-like consistency and stripping is car- 
ried out. Complete elastic recovery occurs, so that there 
is no loss of accuracy, and the gelling process is then 
allowed to continue until completion. The structure of 
the mold material is such that there is no appreciable 
shrinkage during solidification while it is also very per- 
meable. It is inert at temperatures up to 1800°C and is 
thus suitable for materials with high casting tempera- 
tures, especially as it is resistant to thermal shock. 
Another silicate process employs high-grade refractory 
fillers such as sillimanite, zirconite or molochite and 
allows the mold to set dry in position [106]. After 
removal from the pattern, it is then heated to give a 
finely-divided amorphous-silica bond with good me- 
chanical properties. 

To obtain castings with satisfactory internal sur- 
faces, special attention must be given to the core ma- 
terial. In the Parlanti process the metal is cast around a 
stainless steel mandrel or core which, of course, can be 
used a number of times. In another process, plaster 
cores are used [106]. They are prepared from a standard 
plaster mixed with a refractory and a special hardening 
agent. After vibration to remove air bubbles the slurry 
is poured into highly polished core-boxes made of alu- 
minum bronze. 

The dimensions of the core-box allow for shrinkage 
in the subsequent operations. The cores set in about 20 
minutes and are then removed to a stoving oven where 
they are slowly dried by gentle heating to remove free 
and combined water. The outside of the casting may 
be formed by any of the usual methods; and in the 
casting of corners in the 2.84 by 1.34 inch waveguide 
illustrated in Fig. 10, ordinary sand molding in boxes 
was employed. 

Plaster cores possess high mechanical strength and 
have good crushing-resistance and venting properties. 
Furthermore, when they are wetted, the cores disinte- 
grate freely into a soft mush which is readily flushed 
away, thus causing little damage to the internal surfaces 
of the casting. Plaster-core casting is suitable for alloys 
of copper, aluminum and magnesium; castings contain- 
ing sections thinner than 3/64 inch are difficult to feed 
and porosity results, while only core shapes which can 
be withdrawn from the boxes are practical. The surface 
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Fig. 10—Sand casting with plaster cores. The sand mold, with 
one plaster core shown in position, is for producing two wave- 
guide corners at a time in 60/40 brass. 


finish of the casting depends upon the plaster but is 
usually about 30-40 microinches. In aluminum alloys 
LM6 and LM§8, typical tolerances are about +0.003 
inch/inch with a minimum of +0.001 inch and a maxi- 
mum of +0.010 inch. 


Disposable Pattern Casting 


Lost Wax: Precision casting methods may involve the 
use of disposable patterns. Such investment casting, as 
it is sometimes termed, essentially consists in making a 
pattern of the component to be cast, coating it with a 
suitable fine-grained refractory material and thus invest- 
ing it to form a mold [16], [26], [116]. After disposal of 
the pattern, a cavity is left into which the casting metal 
is poured. The mold is then broken up to leave the fin- 
ished article. The process is especially suitable for 
hollow parts and thus has been much used for micro- 
wave structures. 

In the lost-wax casting process, the pattern material 
is simply a suitable wax [27], [29], [93]. This should 
preferably have a high melting point with narrow soft- 
ening and melting zones. Production of exact wax mod- 
els is essential and, although dies can be made of inex- 
pensive materials such as rubber, plastics, low-melting 
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point alloys and plaster, for long runs and highest ac- 
curacy steel dies are advisable. 

When liquid wax is injected into metal dies, diffi- 
culty arises in the avoidance of “sinks” and “draws” 
caused by contraction when the material is passing 
from the liquid to the solid state. It is important that 
the wax take up faithfully the fine detail of the die, and 
for small patterns this can be insured by injecting the 
wax at the lowest possible temperature, under pressures 
of 1500 to 2000 pounds/inch.2 Turnbull describes a 
method for large patterns which consists of injecting the 
wax at a temperature of 20°C above its solidification 
point and at a pressure of 100 pounds/inch?, and, 30 
seconds after injection, removing the wax injector and 
applying compressed air at 100 pounds/inch? [94]. 
More complicated patterns can be made by vacuum 
Wwax-injection, as shown in Fig. 11(a). After the die is 
placed in position, the system is evacuated and wax 
is introduced under pressure through a slide tube on 
the top plate. Excellent surface finish is obtainable, but 
the operating cycle times are longer than with simpler 
methods. 
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Fig. 11—Lost-wax investment casting; (a) vacuum wax-injection 
machine, (b) wax pattern with refractory investment, (c) finished 
cast article—an H plane, T junction. 
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Suitable investment materials include silica or similar 
refractory oxides suspended in an organic silicate, al- 
though others are employed for very-high-melting-point 
metals. The wax pattern is dipped in the slurry and, 
after it has been allowed to dry, another dipping is 
given. This process is repeated until the required thick- 
ness—normally 2 to } inch, depending upon the size of 
the casting—is obtained. The appearance is then as 
shown in Fig. 11(b). Removal of the wax by oven treat- 
ment tends to crack the investment shell, and it is pref- 
erable to employ a solvent vapor bath containing, for 
example, trichlorethylene. The wax is then available for 
reclaiming. The investment is then fired at about 1000°C 
for two hours to give a hard, strong mold of maximum 
porosity. 

The casting metal is now poured into the mold and 
such conventional foundry techniques as pressure, 
centrifugal and suction casting may be employed. In 
some cases, the shell investments are packed in Nimonic 
boxes with a refractory mixture to give mechanical 
‘support. Aluminum, gunmetal, copper, magnesium and 
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iron alloys can be cast in such molds without any inter- 
action occurring. After cooling the mould is carefully 
broken away to leave the finished casting as in Fig. 
11(c). The accuracy obtainable with the lost-wax cast- 
ing of microwave structures is about +0.003 inch/inch 
and surface textures are in the range 60-80 microinches. 

Lost Mercury: In the Mercast investment process 
[72], [117] the disposable pattern is made of frozen 
mercury and is cast in steel dies made to a negative of 
the finished casting. The die is machined to tolerances 
better than +0.001 inch, and allowance is made for the 
volumetric expansion of 3.47 per cent on melting, This 
low expansion of the pattern material means that thin 
shells, down to 1/16 inch, are usable and large and 
complex castings can be made. Frozen mercury is re- 
sistant to creep, so that mold dimensions are faith- 
fully and consistently reproduced. 

In the actual process the pattern die is filled with ace- 
tone, which acts as a lubricant, and then liquid mercury 
is poured in at room temperature, displacing the ace- 
tone. The die is now immersed in a freezing mixture of 
acetone and solid COs, the temperature being in the 
range —65°C to —95°C. The mercury sets because it 
has a sharply-defined freezing point at about —39°C. 
In some cases the mercury is poured into the cold die. 
To provide a convenient means of handling the pattern, 
a thick wire rod is placed in the filling hole so that it 
freezes into the mercury. 

The die is opened and the pattern removed; it looks 
like and is about as hard as lead. Frozen mercury has a 
high rate of self-diffusion, so that when two surfaces are 
pressed into contact they will weld together. This facil- 
ity is termed “booking,” and advantage is taken of it to 
produce complicated shapes with intricate cored pas- 
sages; this is facilitated by using suitably positioned 
dowels on the mating dies. 

The pattern is then coated with the investment ma- 
terial in the usual way and is allowed to dry at room 
temperature. The mercury runs out and is reclaimed for 
further use. After firing, the mold is ready for pouring. 
A typical die, which employs booking, is shown in Fig. 
12; the final article is an E-plane bend with flanges. 

The dimensional tolerances obtainable are about 
+0.002 inch/inch [81]. For example, the cross-section 
dimensions and deviation of the axes in a component 
using 0.90 by 0.40 inch guide are about +0.003 inch 
depending on the complexity of the casting. A toler- 
ance of +0.008 inch can be held on a 4-inch dimension. 
The minimum slot that can be incorporated in a casting 
is 0.040 inch for a maximum depth of 0.060 inch. The 
surface finish attained on aluminum-alloy waveguide 
castings is 30 to 40 microinches while corners can have 
radii as sharp as 0.020 inch. 

The types of waveguide components which have been 
produced by this process include E- and H-plane bends, 
rotating-joint parts, hybrid rings, and similar compo- 
nents in copper-base and light alloys. Inserts such as 
irises and posts can be cast in position. An advantage of 
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the Mercast process is that in many cases structural 
features can be incorporated in the waveguide, thus con- 
ferring savings in manufacturing space and cost. Cast- 
ings in light alloy weighing 300 pounds have been pro- 


duced. 
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Fig. 12—Typical booking-die for Mercast process. The left- and 

ys right-hand die-halves are shown with the central plate. After 

z-, the mercury is frozen, the plate is removed and the two die- 

Ee halves booked together so that the two half-patterns become 
welded into one unit. 
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Permanent Dies 


The casting of metal in permanent dies is a well- 
known technique [74] and has been employed for the 
manufacture of accurate waveguide parts. To facilitate 
extraction of the finished component, it is usually neces- 
sary to split it into two or more parts, the division of the 
waveguide being made, where possible, along the central 
E plane. 

Although gravity-feed of the metal to the die has 
been used on a limited scale, better results are achieved 
with pressure die-casting. The tools must be very robust 
and may weigh as much as 10 cwts; they are also ex- 
pensive and take several hours to reach operating tem- 
perature. Thus, this casting method is best suited to 
long production runs. 

The easiest metals to die cast are low-melting-point 
zinc alloys such as Mazak, since they cast cleanly witha 
good surface finish. The electrical resistivity of these 
materials is not sufficient to eliminate their use for nor- 
mal microwave components, but they tend to be brittle 
or have low shock resistance if there is the slightest 
trace of poisoning from other metals, such as cadmium. 
Any lack of purity of the zinc also leads to poor corro- 
sion resistance and, although protection can be given by 
varnishing or chromating, such alloys have not found 
application in service equipment. 

Materials such as brass can, with difficulty, be die 
cast, but the light alloys have been employed exten- 
sively for microwave components. To avoid distortion 
due to parting of the component from the tool during 
ejection, a considerable draw or taper must be provided. 
The larger the taper, the better the surface finish and 
the longer the life of the tool. While angles of 4° per side 
have been found just sufficient, there are advantages in 
employing a figure of 5°. The casting process is simpli- 
fied and, if necessary, one of the sides may be made 
vertical. 

Humphreys has designed such a hexagonal waveguide 
so that it mates with standard rectangular sizes, having 
the same impedance and cut-off frequency [48]. The 
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geometry is shown in Fig. 13(a). If 0=5°, a=1.122 
inches, } =0.497 inch, then the dimensions of the equiva- 
lent hexagon are a/=1.174 inches, 6’=0.525 inch. If 
a=0.900 inch, =0.400 inch, then a’ =0.939 inch, 0’ 
=(.423 inch. The effect of a small corner radius is 
negligible, and moreover it is likely to be present in both 
types of guide. The junction discontinuity gives a volt- 
age reflection coefficient less than 0.005. 

Satisfactory die castings have been made in L33 light 
alloy, containing 10-13 per cent silicon, with dimen- 
sional accuracies +0.002 inch/inch, and surface fin- 
ishes of 10 microinches. A hybrid Tee, designed for die 
casting, is shown in Fig. 13(b). Both inductive and res- 
onant irises are tapered and the usual post replaced by 
a tapered web. The shunt arm was made to standard di- 
mensions of 1.122 inches by 0.497 inch, since it was 
broached to size. It is not practicable to carry the 5° 
taper along its entire length. The performance of this 
Tee was equally as good as that made by machining 
techniques with rectangular sections. 
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Fig. 13—Components made b i i 
I 1 y pressure die-casting; 
hexagonal guide-section; (b) hybrid-T cast die Z aluminium, 
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SINTERING AND SPRAY TECHNIQUES 
Powder Metallurgy 


Sintering or powder metallurgy is a process of mold- 
ing powdered metals, such as alloys of copper, zinc and 
aluminum [115], [119]. The finely divided metal is 
screened and compressed, or briquetted, in a die under 
pressures of 25-50 tons/inch? to form a compact mass. 
The part is then removed and transferred to a sintering 
furnace in which it is heated nearly to the melting point, 
a process that fuses the powder into a hard metal com- 
parable in strength toa casting [60]. The process is prac- 

‘ticable for metals such as tungsten which have very 
high melting temperatures. 

The methods employed for the manufacture of metal 
powders are being improved with the objects of reducing 
their cost, e.g., by making them direct from metal ores, 
and of providing better quality in the finished product, 
especially in strength, density, and ductility. For exam- 
ple, a modern pure iron powder, compressed at 27 tons/ 
inch?, sintered in dry hydrogen for one hour at 1100°C 
and then recompressed and resintered under the same 
conditions gave a density of 6.5 g/cm, a tensile strength 
of 10.8 tons/inch? and an elongation of 14.5 per cent. 
Stainless-steel powder corresponding to A.I.S.1.318, 
after somewhat similar treatment, gave a tensile 
strength of 41 tons/inch? and an elongation of 36 per 
cent. Fine-particle sizes are necessary for good physical 
properties, and grinding is able to produce diameters as 
low as 60 yw. The sintering atmosphere has an influence 

* on the final product, while infiltration techniques, in 
which the pores are filled with a metal of lower melting 
point by capillary action, improve the physical proper- 
ties. 

In powder metallurgy, the costs of the die and of set- 
ting up production are high, and thus the process tends 
to be of use for the manufacture of large quantities of 
identical parts. The final items are often porous and are 
not satisfactory where pressurization is required. The 
high pressures used in molding mean that thin wall sec- 
tions should be avoided while shapes long compared 
with the transverse dimensions are not practicable. Di- 
mentional tolerances are about 0.004 inch/inch, and 

' this process has, for example, been employed for wafer- 
type crystal mounts, a tolerance of +0.001 inch being 
maintained on a 0.280 by 0.140 inch aperture. 


Metal Spraying 

In the metal-spraying process of manufacture, the 
material is passed through a flame and blown, ina finely 
- divided state, on to a retractable former until the re- 
quired thickness of deposit is obtained [105]. The opera- 
tion is carried out in a spraying booth which should have 
good air extraction. The available spray guns employ 
metal in either powder or wire form. A suitable gun is 
that made by Metallisation which takes 13-mm diame- 
ter wire and contains a high-pressure air turbine. The 
gun weighs 33 pounds and, to avoid fatigue to the oper- 
ator, can be suspended from a support. Acetylene and 
oxygen are suitable for the flame jets. 
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The formers can be made of materials such as stain- 
less steel. Before they are used, all traces of oil are re- 
moved by a degreasing liquid. To avoid bonding of the 
initial coat of sprayed metal, the former is coated, ina 
dust free atmosphere, to a thickness of 0.0003 inch with 
a synthetic lacquer which is then stoved for 15 minutes 
at 150°C. This lacquer is usually brightly colored to 
facilitate the visual observation of uniform thickness. 

The metals that can be deposited include zinc, silver- 
cadmium alloy, silver-tin alloy, brass, copper, alumi- 
num, tin, lead, nickel and its alloys, and steels, including 
stainless steel. Where silver-cadmium alloy, zinc or tin is 
employed for the initial deposit, this need only be about 
0.010 inch in thickness. This can then be followed by 
brass, steel or other metal to any required thickness to 
give greater strength. It is essential that at no time 
must the temperature of the component rise to the melt- 
ing temperature of the initial layer, and this is achieved 
by adjusting the rate of deposition or by air or water 
cooling of the former. The former can finally be removed 
by means of a press, and the lacquer dissolved with a 
suitable solvent. 

The structure of the deposited metal tends to be por- 
ous, and the tensile strength is only 25 per cent of the 
wrought metal. Vacuum impregnation with a suitable 
resin can be used to increase the tensile strength up to 
the order of 60 per cent of the wrought metal and to 
render the component vacuum tight. The internal di- 
mensions and finish tend to follow closely those of the 
original former. 

The metal spraying process does not require skilled 
labor, and a typical taper waveguide of section 0.90 
by 0.40 inch would take about twenty minutes. An E- 
plane 90° bend with a socket for waveguide connection 
can be deposited in 15 minutes, while a twist might take 
30 minutes. A circular-section resonant cavity with 
either silver or gold internal finish has been produced 
in 0.4 per cent carbon steel, the internal-surface finish 
being 4 microinches and the bore diameter correct to 
within 0.0001 inch. Planar components such as hybrid 
rings and couplers can be made as thin shells, the backs 
of which are filled with an aluminum casting and an 
aluminum-powder loaded resin to achieve the required 
strength with economy of spraying time. 


ELECTROFORMING 


Plating Techniques 


Electroplating techniques have proved useful in the 
manufacture of microwave structures. The conventional 
method of photoetching enables a thin foil to be pro- 
duced containing an intricate structure such as the lad- 
der circuit of a backward-wave electron tube or the com- 
mon wail of a multislot directional coupler. This foil 
may be made thicker by electroplating, although the 
fine definition of the process may be impaired if the de- 
posit is too great. Photoetching may be carried out with 
a number of metals including molybdenum [44]. 

In electroforming or electrodeposition, a former, in 
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the shape of the internal volume required, is electro- 
plated to a thickness sufficient to provide adequate 
strength. The former is then removed to leave an elec- 
troformed blank. The material for the former may be of 
a permanent or expendable nature. The thickness of the 
deposit, which ranges from 0.04—0.40 inch, means that 
the electroforming process should have a high plating 
speed and good throwing power [59], while the de- 
posited metal must be homogeneous, hard but machin- 
able and free from defects. 

Many metals can be electroformed [113]. Very hard 
deposits are obtained with nickel, chromium and nickel- 
cobalt alloy, but their throwing power tends to be poor. 
Light weight is provided by aluminum, but special 
electrolytes are required which must be operated in an 
atmosphere of dry inert gas. Deposition from fused mix- 
tures of quarternary ammonium salts and an aluminum 
halide has been achieved [49], [79]. At an operating 
temperature of 30°C, current densities of 24/dm? and 
deposits 0.04 inch thick were obtained. Another elec- 
trolyte is based on a complex of sodium fluoride and 
aluminum tri-ethyl, with an operating temperature of 
between 80°C and 150°C [101]. Deposits 0.020 inch 
thick of very pure aluminum have been produced with 
hardness in the range of 24-33 Brinell. Heritage and 
Balmer [42], [43] have electroformed waveguide parts, 
with a bath composition [21] of 300-g aluminum chlo- 
ride, 6-g lithium hydride and one liter of anhydrous 
diethyl ether. By employing a sealed vat to keep out 
moisture, satisfactory operation of the electrolyte was 
obtained for several months. The rate of deposition at 
14/dm* was 0.0005 inch/hour, and coherent, ductile 
deposits up to 0.15 thick were obtained on simple 
cylindrical formers. 

In microwave structures, the initial layers are either 
silver or copper to give maximum conductivity, the 
metal for the remainder being chosen for other reasons. 
Most electroforming is, however, carried out with cop- 
per, and various techniques have been described [20], 
[31], [37], [64], [87]. The conventional copper electro- 
plating techniques [10] based on inorganic electrolytes 
give low throwing power, a metal hardness of B10—B55 
Rockwell, and a rough deposit, but, because of their 
simplicity [3] and economy, they are commonly used. 

Improved results [37], but with greater complication 
and expense, are obtained with the process developed by 
Jernstedt [54|-[56], which is based on an organic elec- 
trolyte containing cyanides of copper and other ele- 
ments. This process involves periodic-reverse plating in 
which the article being electroformed is made alter- 
nately cathodic and anodic, the net current-time prod- 
uct being, of course, positive. The optimum periods 
depend upon the shape and size of the formed article 
but generally lie between 20-100 seconds cathodic and 
10-40 seconds anodic, when the respective currents are 
nearly equal. The anodic cycle deplates any unsound 
metal and the more sacrificial cycles are required for 
complicated shapes. A plating speed of 0.006 inch/hour 
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is obtainable with current densities around 8A/dm? ata 
temperature of 85°C, or 0.002 inch/hour with lower cur- 
rent densities and temperatures down to 50°C. Even 
and symmetrical deposits are achieved if the former is 
slowly rotated in the bath, while the solution is agitated 
and continuously circulated through filters and a puri- 
fier containing activated charcoal. The metal deposited 
is ductile and machinable while photomicrographs 
have shown freedom from inclusions. The hardness de- 
pends upon operating conditions but is within the range 
of B50—-B100 Rockwell. 

With any plating process the deposit tends to be less 
in regions of low electric field as in internal angles. Fig. 
14 shows the result of plating on a former with corners 
of different radii. It will be observed that, with the 
process described, a constant thickness layer is de- 
posited until the center of the circle is reached, from 
which point a crack develops. Thus, some radius must 
always be provided to insure a continuous internal 
layer of metal. Considerations of mechanical strength 
require an artificially increased deposit, and suitable 
methods of achieving this are shown in Fig. 15. 


Permanent Formers 


Where the shape of the article permits, permanent 
formers can be employed. These should be made of high- 
tensile steel, treated by passivation, and coated with 
a separating medium such as tin or chromium plate. 
Other materials which have been employed include 
Invar, molybdenum, titanium, glass, quartz, hard 
plastics, and stainless steel. The latter material has 
proved very convenient since it can easily be ground to 
complicated shapes. For example, a former 4 inch in 
diameter and 3 inches long was made circular and paral- 
lel to within 0.00002 inch with a surface roughness of 4 
microinches. After plating to a thickness of 2 inch, the 
cavity diameter was within 0.00002 inch of that of the 
former, the ovality being 0.00005 inch and the rough- 
ness 5 microinches. These precise measurements show 
that electroforming is a very accurate method of manu- 


facture for microwave structures. 


Formers of cylindrical section are easily ground in the 
form of blades which are then brazed into stainless-steel 
heads, as shown in Fig. 16(a), while more complicated 
shapes are machined and ground in one piece, as in Fig. 
16(b). Polythene stops are fitted during plating, and Fig. 
17 shows a typical former after electrodeposition. The 
former or mandrel may be extracted by a simple ma- 
chine after immersion of the assembly in hot water. 

Components involving coupling apertures and slots 
can be electroformed with the aid of additional pieces, 
as shown in Fig. 18. These pieces should be of plastic to 
prevent shielding in the corners. Complicated compo- 
nents need multiple-mandrel assemblies, with support 
and alignment provided by jigs made of aluminum or 
stainless steel. Fig. 19 shows an assembly for electro- 
forming a hybrid Tee, with a guide of 0.28 by 0.14 inch, 
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Fig. 16—Manutacture of permanent formers; (a) rectangular mandrel 
made separately and brazed into its head, (b) complex former 
with various sections made in one piece. The centre at the free 
end is removed in a final operation. 


Fig. 17—-Permanent former with electroformed piece still in position. 
The polythene stop provides a square face. This former has an 
extra cylindrical portion to serve as a guide during extraction 
and as a support for the electroformed piece in subsequent ma- 
chining. 


Fig. 14—Electrodesposition in corners of different radii; radii are 


(a) 0.040 inch, (b) 0.060 inch, (c) 0.100 inch, and (d) 0.120 inch. 


Fig. 15—Methods of increasing thickness of deposit in corners; (a) 
shaped metal inserts, (b) packing by solder, silver powder, 
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amalgams or sprayed metal, (c) drilling out and plugging. 


(a) 
(b) 
Fig. 18—Formers for the electrodeposition of components with 


coupling apertures. The strip in (a) and peg in (b) are made of 
plastic to prevent shielding in the corners thus formed. 
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Fig. 19—Assembly jig with formers for producing a hybrid lt 
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while examples for other components are shown in Fig. 
20. It will be noticed that inserts to provide corners or 
coupling apertures are used freely. 


Disposable Formers 


Disposable formers impose no restriction on the shape 
of the article to be electroformed. Suitable materials for 
these formers include aluminum which can be subse- 
quently dissolved in dilute hydrochloric acid, hard 
waxes and fusible alloys which can be removed by melt- 
ing, and plastics which can be removed by organic sol- 
vents. Plastic formers may easily be injection-molded 
and are thus suitable for quantity production. Metha- 
crylate resins, such as Diakon, have a molding shrink- 
age as low as 1 per cent and small water absorption. By 
using automatic molding machines, in which the tem- 
perature of the die, the injection and cooling times, and 
other conditions are held constant with pressures of 15 
tons/inch2, dimensional accuracies of 0.0005 inch can be 
achieved [37]. Some examples of plastic moldings are 
shown in Fig. 21, where the guide section is 0.28 by 0.14 
inch. 

The surfaces of the plastic are given a conducting 
coat by evaporation of a metal in high vacuum or, more 
usually, by chemical silvering [41]. In the latter proc- 
ess, the former is degreased and then activated by im- 
mersion in an acid solution of stannous chloride. The 
actual silvering involves the reduction of a silver com- 
plex by a suitable reagent such as cane sugar, formalde- 
hyde—Rochelle salt and hydrazine sulphate. This proc- 
ess can be carried out by dipping or, more conveniently, 
by a special gun from the nozzle of which two jets of the 
constituent solutions emerge to form, on coalescence, a 
thin adherent film of silver. 

In the electroforming process, metal inserts of silver, 
or silver plate, may be employed which are held in posi- 
tion by simple clips. The shapes of these inserts should 
be such that sharp corners are avoided and a post, for 
example, should be shaped as shown in Fig. 22(c) to 
insure sound bonding and deposition. Flanges which 
are grown in position should be provided with tapers. 


Fabrication of Electroformed Pieces 


Although the complete microwave structure can 
sometimes be electroformed, it is more usual to carry 
out some additional machining and assembly opera- 
tions. In such cases, the article should be supported on 
the locating internal surfaces by a mandrel of hardened 
steel, machined and ground to the required shape and 
provided with means for centering and driving. 

The assembly of electroformed pieces is preferably 
carried out by soft-soldering to avoid distortion. The 
need for a soldered joint may be avoided by electro- 
deposition. For example, a hybrid ring has been made 
by machining the channels in a block of copper, tem- 
porally filling these with wax or plastic, and then elec- 
troforming the fourth side, 
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Fig. 20—Miscellaneous assembly jigs; (a) multiple-hole directional 


coupler, (b) cross-over directional coupler, (c) hybrid ring, two 
of the arms being finally plugged. 
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Fig. 21—Disposable formers made in plastic, waveguide size, 0.28 
X0.14 inch. The radii on the various corners are provided to 
assist electrodeposition. (a) Hybrid T, (b) multiple-ring, (c) single 
ring. 


(b) 


Fig. 22—Electroforming inserts in position using disposable formers. 
(a) The flush-fitting pin gives sound deposition but poor keying. 
(b) The protruding pin gives poor deposition but good keying. 
fc) ‘The shaped protruding pin gives sound deposition and good 

eying. 


Straight waveguides, electroformed to a large diame- 
ter, have been machined to form bearings for sliding 
parts such as post tuners. Locations for side arms in Tee 


junctions, cross-over connections and directional cou- 


plers may be similarly provided, eliminating the compli- 
cation of strengthening supports. Electroforming is very 
suitable for the manufacture of taper transitions from 
one size or type of waveguide to another. Bends, corners 
and twists are examples of other components which 
can readily be made by these techniques [7 ]. 

The original former can be shaped so that, without 
any elaborate machining, the electroformed piece can 
provide proper housing and alignment [38] for such 
things as micrometer heads. This process has made 
relatively easy the manufacture of movable short- 
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circuits, wavemeters and stub-tuners in which plungers, 
actuated by micrometer heads, are moved along lengths 
of waveguide. Electroforming has been proven the only 
satisfactory process of making very small waveguides 
with sections down to 0.034 by 0.017 inch. 

Increased strength can be given to an electroformed 
structure by metal spraying, using, for example, 
aluminum or brass, and supporting it in a jig or en- 
capsulation in one of the resins employed in potted cir- 
cuits [25]. Several components could be so encased to 
form a subassembly which would withstand mechanical 
’ shocks and adverse climatic conditions. Morrison [69] 
has electroformed the triple hybrid ring shown in Fig. 
21(c) to a thickness of 0.040 inch by using periodic- 
reverse silver plating. The subsequent assembly was 
secured with Araldite in a stainless steel jig. Measure- 
ments on the component gave a loss of about 0.5 db and 
a discrimination between the arms not worse than 40 
db over a 3 per cent bandwidth. Such results compare 
well with the prototype made by machining. 


INSPECTION AND MEASUREMENT 
Inspection Methods 


Inspection of and measurements on microwave struc- 
tures are an important aspect of their manufacture. A 
satisfactory method of inspection must take into ac- 
count the statistics of production. For example, if there 
are many toleranced dimensions on a component then 
one of these may be out by as much as 50 per cent of the 
tolerance without appreciably affecting the electrical 
performance. As a result, components will be rejected 
when, in fact, they are quite satisfactory. This is due, of 
course, to the remainder of the dimensions being well 
within tolerance and to the fact that the electrical per- 
formance is a function of all the critical dimensions in- 
volved. If the dimensional errors have a symmetrical 
distribution, then some waste can be avoided if the 
design gives the probable tolerances based on standard 
deviation. 

The inspection of microwave structures has been 
shown in unpublished work by L. V. Byrne to fall into 
three principal methods: explicit mechanical inspection, 
implicit mechanical inspection, and electrical inspection. 
Which one or combination of these three general meth- 
ods can be used depends upon the type of component, 
its shape and method of manufacture. Mechanical in- 
spection in its broad sense includes visual inspection for 
such things as surface defects and faulty manufacture. 
Such inspection, although very important, is a subjec- 
tive assessment depending on the skill and experience 
of the inspector and it is customary in microwave engi- 
neering to depend more on the actual measurements. 

Explicit mechanical inspection means the direct in- 
spection of the component by measurement of its size, 
shape, positions, and surface finish. If the inspection of 
a purely mechanical component such as a drawn wave- 
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guide tube is considered, the problems of measurement 
of size and shape can be readily appreciated. Waveguide 
couplings are of different types and size, but the basic 
functional requirement is common and necessitates the 
verification that features such as fixing holes, waveguide 
apertures and chokes are within tolerance. 

Implicit mechanical inspection means inspection of 
the former, mandrel or tool from which the part is pro- 
duced or assembled. Here again the measurement of 
size, shape, positions, and surface finish are involved. 
Such implicit inspection is common in microwave manu- 
facture since the measurement of the significant internal 
dimension is virtually impossible in such components as 
bends, twists, double tapers, millimeter-wavelength 
parts and items of complicated shape such as hybrid 
Tees and rings. In one method of coupling-flange 
assembly, the two accurately sized and positioned 
locating holes are drilled after fitting to the waveguide 
by means of a jig. In such a case, inspection is directed 
towards checking the jig and insuring that it is properly 
used. 

Electrical inspection involves the measurement of one 
or more specified electrical characteristics of the com- 
ponent the results of which usually provide the criterion 
of acceptance. Most routine tests involve measurement 
of the VSWR at defined points in the specified fre- 
quency band and attenuation at a specified, e.g., mid- 
band, frequency. The great advantage of electrical in- 
spection is that it gives a positive indication of the 
functional performance of a component, whereas me- 
chanical inspection by itself, although always necessary 
in some degree, cannot prove with certainty that a 
component will fulfill its functional requirements. 

The fact that measurements of individual dimensions 
do not alone insure a satisfactory component is espe- 
cially true when more than, say, ten variables are in- 
volved. Brown has shown that, in these cases, micro- 
wave structures must be assembled on an electrical test 
bench by choosing one part as a central unit and adding 
others one at a time [14]. In this selective assembly, 
items which do not cooperate in the phase and ampli- 
tude of their reflections and produce a poor over-all per- 
formance are rejected until a place is found for them in 
later assemblies. This process is continued until the 
combination of tolerances or errors in the complete 
assembly is such that the test is passed. This process is 
facilitated if the VSWR meter is provided with some 
kind of visual display. 


Mechanical Dimensions 


There are two kinds of dimensional errors: random 
or accidental errors, and systematic errors. Random 
errors result from the inability of man and machine to 
achieve perfect reproducibility of objects made in 
quantity. These errors can be reduced to almost any 
desired degree if one is willing to take the time and pay 
the costs, but they can never be completely eliminated. 
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Random errors are distributed symmetrically about the 
“correct” dimension which is to be achieved. Systematic 
errors are caused by such things as mistakes in design 
and incorrect calibration of machine tools or measuring 
equipment. This type of error usually leads to an 
asymmetrical distribution with respect to the “correct” 
dimension. In either case, a determination of the actual 
dimension and its departure from the design value is 
required. This may be carried out by metrological or 
gauge methods. 

Metrological methods involve the actual measure- 
ment of the mechanical dimensions by means of a suit- 
able machine. This is an expensive process which is only 
employed when extremely high accuracy is required and 
in the prototype, type-approval or production-sample 
testing stage of a component in order to verify that 
such features as wall thickness, rectangularity, radii of 
inside and outside corners, displacement of rectangles, 
and internal dimensions are within their permitted 
tolerance. Typical machines can measure external and 
internal dimensions to within 0.00002 inch and angles to 
within 5 seconds of arc. This method may be simplified 
where larger quantities are involved by a comparator 
process, the item under test being replaced by a stand- 
ard. 

The usual method of checking mechanical dimensions 
of microwave structures is by some form of gauging. For 
example, the dimensions of a waveguide tube would be 
checked internally by “Go” and “Not-Go” plug gauges 
and externally by “Go” and “Not-Go” gap gauges. The 
explicit measurement of internal dimensions of long 
lengths can be achieved with pneumatic gauges of the 
Solex type. These consist of a loose-fitting plug fitted 
with one or more air outlets. The actual internal dimen- 
sions determine the amount of clearance and hence of 
the air pressure in the supply line. Such gauges are very 
convenient for medium sized waveguides. In order to 
check that the relative positions of these various fea- 
tures are within tolerance, a more complicated micro 
wave component such as a coupling flange containing a 
rectangular aperture, fixing holes and a choke would 
necessitate a receiver or interchangeability gauge. A 
fixed-type receiver gauge is designed to accept a com- 
ponent in the maximum-metal condition, simultane- 
ously making an allowance for the maximum positional 
tolerances. This means that all features must be indi- 
vidually checked to insure that they are within limits 
before the component is offered to the receiver gauge. 


Surface Texture 


The complete inspection of microwave structures 
must involve some means of measuring or comparing 
surface texture. In many instances this measurement 
can be carried out directly, but where the surface is in- 
accessible, as on the insides of chokes and very small 
waveguides, a nondestructive test is possible by making 
plastic replicas and then measuring their surfaces. In 
order to show the range of finishes which have to be 
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TABLE I 
SURFACE TEXTURE FOR Various METHODS OF MANUFACTURE 
Method of Machining or Fabrication Microinches 
Turning, preliminary finish 63 to 125 
Turning, ordinary finish 32 tom 03 
Turning, fine, ferrous metals 8to 32 
Turning, fine, nonferrous metals 4to 16 
Turning, diamond, nonferrous metals 2 to’ 8 
Boring, ordinary 16 to 32 
Boring, fine, ferrous metals 8to 16 
Boring, fine, nonferrous metals Ato 8S 
Boring, diamond, nonferrous metals 2to 4 
Planing, ordinary 16 to 63 
Planing, fine 8to 16 
Extrusion or drawing, mirror finish 8to 32 
Hobbing 8to 32 
Milling, ordinary 32 to 63 
Milling, fine 8to 32 
Reaming, ordinary 16 to 32 
Reaming, fine 4to 16 
Broaching, ordinary 16 to 32 
Broaching, fine 4to 16 
Scraping 8 to 32 
Burnishing 2to 8 
Grinding, ordinary 16 to 32 
Grinding, fine 8to 16 
Grinding, super fine 2to 8 
Honing 1 to\ 3 
Lapping 1to 4 
Superfinishing 1to 4 
Polishing 1to 2 
Casting, investment 63 to 125 
Casting, polished dies 4to 32 
Powder metallurgy | 63 to 125 


measured, Table I gives values for a number of typical 
manufacturing operations. 

Most of the listed methods can be put into one of three 
classes. The first has little or no lay and includes grind- 
ing, lapping, honing, superfinishing, and polishing, as 
well as casting and powder metallurgy methods. The 
second class is performed with sharp-pointed tools and 
has a lay in the direction of the movement of the work 
with respect to the tool, irrespective of which is fixed 
and whether the motion is in a straight line or in an 
arc. Operations in this class include turning, boring, 
flycutting, and planing; similar textures are given by ex- 
trusion, drawing and hobbing. In the third class, the 
tool is broad and the lay tends to be parallel to the 
width of the tool and at right angles to the relative 
movement of the work. This class includes roller-milling, 
broaching, reaming, scraping and burnishing. 

An ideal machine for the measurement of surface 
texture of microwave structures would record the in- 
crease in the linear dimensions of the surface. Although 
this can be achieved by the photography of sectioned 
items, there appears to be no direct-measuring instru- 
ment [2]. In practice, surface finish is assessed in three 
main ways. 

The first is visual and tactile, making use of experi- 
ence. This is a completely subjective assessment and is 
liable to large error and much disagreement. The 
second method employs a measuring instrument and is 
the most accurate. It is a true comparator inasmuch as 
it can be calibrated against known standards such as 
gratings ruled on glass. The normal practice [78], [122] 
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in the United Kingdom is to traverse a stylus, the radius 
of whose tip does not exceed 0.0001 inch, over a short 
sampling length of the surface. The deviations of the 
stylus are recorded, after amplification, on a moving 
chart or displayed on an integrating meter. Such a 
measuring machine gives the center-line-average (cla) 
height of the irregularities. In the U.S.A., it is more 
usual to amplify the electrical output of a pick-up tra- 
versed over the surface. This gives the rms roughness 
value, which, for most types of surfaces is 1.11 times the 
cla figure and this factor can, in practice, be ignored. 
The principle of this stylus method and a typical record 
on a paper chart are shown in Fig. 23(a). 

Very fine surface textures can also be measured by 
instruments based on optical interference [86], [88], 
[89]. As shown in the arrangement of Fig. 23(b), the 
lack of parallelism of fringes between the surface under 
test and that of an optically flat glass plate is a measure 
of the roughness. In one example, the optical system of 
the microscope is arranged so that the reference surface 
does not make contact with the specimen [103]. A 
slight tilt is given to produce the fringes, the difference 
in level of the specimen between any two of which is 
one half the wavelength of light chosen for illumination. 
With green light, an estimate of surface irregularity of 
0.1 of a fringe is equivalent to 1 microinch. Such stylus 
and optical machines [90] are expensive and are hence 
usually installed in laboratories or standards rooms re- 
mote from the workshop. 
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Fig. 23—Measuring surface texture by instruments; (a) mechanical 
stylus, (b) optical interference. The scale of the texture is exagger- 
ated. 


The third method is to employ comparator plates of 
known surface texture which are compared with the 
workpiece by appearance and/or sense of touch. It is 
thus desirable that the plates should include all three 
classes of finish. The textures shown in the particular 
example [36] of Fig. 24 are considered appropriate to 
the manufacture of microwave structures. In the prepa- 
ration of these scales, the appropriate finishes were put 
on the ends of stainless steel plugs which were then 
mounted in an engraved circular copper disk. From this 
master, a negative copy was made by electrodeposition 
in nickel and thence positive copies were made in cop- 
per. The plates were then backed to give rigidity and 
given a chromium flash on the face for permanence. 
Such plates are inexpensive, portable and convenient to 
‘use. Errors arise in the texture values because of im- 
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Fig. 24—Surface-texture comparator. The comparator is electro- 
type-copied in copper, the working surface being flashed with 
chromium. Over-all size is 44.34 inches, thickness ;g inch. 


perfections in the master and small changes which occur 
in the reproduction process; while errors in use arise 
because of possible different materials employed in, and 
variations of surface texture of, the standard and speci- 
men. Provided care is taken in the visual and tactile 
estimation, the over-all accuracy is to within one-half 
of a scale step, which is considered reasonable in such a 
simple device. 


PROTECTION AND PACKAGING 
Internal Finishes 


The performance of microwave component depends 
upon the condition [18] and finish of the internal sur- 
faces which are mainly governed by the method of 
manufacture. The requirement of dimensional accuracy 
usually excludes any polishing or buffing operations, 
although these can give very smooth surfaces. Such 
operations are, in any case, not recommended for micro- 
wave surfaces since they tend to form an amorphous low 
conductivity Beilby layer [9], which may have a thick- 
ness up to one microinch. 

For some metals, electropolishing provides a good 
surface finish. The principle is that of selective dissolu- 
tion under the influence of current, whereby the surface 
is made progressively smoother and more brilliant. The 
actual mechanism appears to depend upon the presence 
of a viscous film of the products of interaction between 
the metal and the electrolyte [28], [75]. The film- 
electrolyte junction does not follow the metal surface 
irregularities so that the film thickness is not constant. 
This results in a varying current-density and preferen- 
tial dissolution. 

Chemical polishing produces a levelling effect on 
metals when a thin film of oxide or basic salt is present 
on the surface during the process [76], [85]. The sur- 
face is smoothed because slower diffusion of metal ions 
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from microdepressions than from microelevations 
causes the film over the elevations to be dissolved at a 
greater speed by anions in the polishing solution. The 
metals which can be chemically polished are copper, 
brass, bronze, nickel-silver, nickel, zinc, aluminum, 
iron, steel and most aluminum alloys. To obtain the 
desired result the total thickness of metal removed must 
be between 0.001 and 0.0015 inch. 

Smooth surfaces are also obtained by bright electro- 
plating which is achieved in silver baths by the addition 
of sulphur in the form, for example, of turkey-red oil 
and in copper baths by colloidal material such as gela- 
tine. Electroplating, especially with gold and rhodium, 
is often employed to give increased protection against 
corrosion. This flash coating must be much thinner than 
the skin depth if increased loss is to be avoided. 

The internal surfaces of microwave structures can 
also be protected by nonmetallic finishes. Varnishes 
that have been used include phenol formaldehyde, 
cellulose mitrate, varnish DTD Specification X17, sea- 
plane varnish and beeswax dissolved in benzene. In the 
case of light alloys, anodizing gives good protection with 
negligible increase of attenuation. In general, it is recom- 
mended that the sealing facilities of standard wave- 
guide couplings and fittings be employed, in conjunction 
with proper desiccator-breathing systems, to maintain 
the microwave system free from dirt, moisture, and cor- 
rosive atmosphere. The open ends of the transmission 
system should be sealed with polythene tape, windows or 
covers. More complex assemblies can be fitted inside 
boxes provided with means for sealing against moisture 
and variations in external pressure. 


External Finishes 


A large variety of external finishes are available in- 
cluding paints, varnishes, and resins, while corrosion 
inhibitors may also have applications [15], [77]. 
Electrolytic plating should employ a metal giving to the 
surrounding structures a potential difference not greater 
than 0.5 volt for ordinary purposes and 0.25 volt when 
exposure to the weather and salt-spray conditions is 
likely [110]. Nickel, cadmium, and tin have been found 
satisfactory under most conditions. For small laboratory 
instruments, plating with 10~ inch of silver and 2 10-* 
inch of rhodium [95] gives a hard-wearing and attrac- 
tive finish which has good resistance to humid condi- 
tions. If wearing qualities are not required, gold is also 
a satisfactory finish. 

A method of electrofinishing which is very suitable 
for microwave components is the Dalic brush-plating 
process in which metals are deposited from electrolytes 
held in absorbent pads attached to portable electrodes 
[45 ]-[47]. The pad is made the anode of an electrical 
circuit; the workpiece forms the cathode. The method 
has the great advantage that the article need not be 
immersed in an electrolyte and the deposit can be 
limited to a defined area giving good mechanical prop- 
erties, high adhesion, and low porosity. The properties 
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of the solution are important and are found only in 
aqueous solutions of complexed organic salts of the 
metals concerned. An extensive range of twenty or more 
metals can be deposited in this manner. The rates of 
deposition vary from 0.150 inch/hour for copper to 
0.004 inch/hour for rhodium. The current densities are 
of the order of 500 A/dm’. 

The variable thickness of commercial electroplating 
on intricate shapes is not satisfactory for closely fitting 
parts such as locating bolts, sleeves and slides, and it is 
preferable that these should be made from corrosion- 
resistant alloys such as stainless steel, Tungum, nickel- 
silver and silver-bronze. Screw threads, especially those 
in stainless steel and light alloys, should be coated before 
assembly with graphite or molybdenum disulphide 
compounds to reduce liability of pick-up after pro- 
longed use. In the standard range of waveguides, 
couplings and components for service and other arduous 
use the designs and materials have been chosen to with- 
stand the full relevant specifications [39]. In certain 
circumstances protection against nuclear radiation may 
be required [61]. 


Packaging and Marking 


Special care should be taken so that such precision 
items as microwave components and instruments, which 
are sometimes delicate, are packed so as to afford pro- 
tection from damage and distortion during storage, 
transit, and handling. The open ends of waveguide 
tubing may be sealed with plastic inserts. In one test, 
a 24-inch piece of 0.90 by 0.40 inch guide, containing a 
small amount of silica-gel desiccant and sealed with an 
approved type of molded-polythene plug, was sub- 
jected to cycling between +25°C and +35°C in an at- 
mosphere of 95 per cent relative humidity. After 14 days 
there was only slight loss of brilliance of the internal 
surface and an increase in weight of the desiccant, due 
to moisture absorption, of only 0.4 gm. 

Waveguide tubing for service stores is normally 
packed so that each length is in a separate cleated case 
from which the guide is removed only when required 
for use. Small items such as electroformed pieces, 
dowel bolts and nuts should be enclosed in sealed poly- 
thene bags and packed in strong cartons. Coupling 
flanges, adaptors, bends and twists may, according to 
their size, be packed in cartons or wooden boxes, the 
mating faces of any fitted flanges being protected by 
molded plastic or similar covers. 

Measuring instruments are usually supplied by the 
manufacturer in fitted wooden or plastic cases to which 
they should be returned when not in use. Equipment 
destined for use and storage overseas requires more elab- 
orate packing. Such climatic or tropical packing pro- 
tects the contents from the deteriorating effects of high 
humidity and extremes of temperature, and also of 
mold growth and insects. 

Identification marking must be carried out so that no 
damage to the electrical, mechanical, and sealing proper- 
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ties of the equipment occurs. Light stencil markings or 
transfers are permissible in positions fulfilling no electri- 
cal or essential mechanical function, while transit, 


packing or instrument cases should be marked or 
labelled. 
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The Dependence of Reflection on Incidence Angle* 


RAYMOND REDHEFFERt 


Summary—A lossy dielectric sheet has complex dielectric con- 
stant e=«(x) and complex permeability 1» =,(x), where x is the dis- 
tance to one interface. This sheet is backed by a conducting surface 
and used as an absorber. If | e(x)u(x)| > €ouo, SO that (€/€o)(u/u0) —sin? 
@ is nearly independent of the incidence angle 6, then the amplitude 
_ reflection R(@) is wholly determined by R(0). Typical results: When 
R(@o) =0 at one polarization, then at 6=0 the reflection for the other 
polarization corresponds to a voltage standing-wave ratio SWR = sec? 
89. At perpendicular polarization max | R(@) | on (6;, 62) is least, for given 
| R(O)| ,if R(O) is real and positive ; and then R(@) =0 at tan?@/2 = R(0). 
But for parallel polarization R(O) must be real and negative to get 
optimum performance. When the absorber functions at both polari- 
zations the best obtainable result is | R(@)| =tan? ¢/2, no matter what 
interval (6;, 62) is specified. The error in the approximation is investi- 
gated theoretically and experimentally. A complete set of graphs is 
included, suitable for design of those absorbers to which the theory 
applies. The analysis also yields an exact expression for the limiting 
behavior of the reflection at grazing incidence. This can be used in 
problems such as computation of the field due to a dipole over a plane 
earth. Finally, the theory of the Salisbury screen is re-examined as an 
aid in checking the other developments. 


STATEMENT OF THE PROBLEM 


N important problem in electromagnetic theory is 
the design of absorbers; that is, surfaces which 


have zero transmission and small reflection. 
Often it is desired to have these properties not at one 
incidence angle @ only, but over a range of angles. Since 
zero reflection cannot be attained over such a range, 
we are led to a minimax problem: to minimize the 
maximum reflection over the range. 

For a broad class of absorbers (namely, the thin solid 
absorbers of the present article) this problem was solved 
nearly six years ago. Though a summary of the results 
was published at that time [1], continuing interest [2] 
suggests that the method should be made more gener- 
ally available. Such is the purpose of this paper. 

The mathematical formulation depends on a Riccati 
equation for the reflection [3]. Let R=RO) =RO, x) 
denote the complex amplitude reflection when the thick- 
ness of the absorber is x, and let e(x) =e/eé9 and 
m(x) =m/uo denote the complex normalized dielectric 
constant and permeability at a distance x from the 
terminating interface (Fig. 1). The main point of the 
present analysis is to introduce a variable y defined by 


1 9 


= 4 
1—R 


y. = wisecd, yl = wicosé (1) 


(Here, as elsewhere in this paper, the subscript | ‘cigs 
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CONDUCTOR 


R(9, x) 


x=0O X=X 


Fig. 1—Stratified medium in cross section. 


specifies the polarization.) In terms of y the Riccati 
equations are 


Ce 2arj E Sesln eg | 

ets x rs YL m |, 

‘ | is (2) 
Ih 20] me — sin? 0 
salle 1 

dx r e 


Analysis of | R(6) | is the problem with which we are 
concerned. Subject to an approximation described in the 
next paragraph, we answer such questions as: What 
design minimizes the maximum reflection at a given 
polarization over a given range (6, 62), and what is the 
minimax reflection so attained? What is the resulting 
reflection at the other polarization? What design mini- 
mizes the maximum reflection when this maximum is 
considered not only with respect to 0, but also with 
respect to polarization? What is the optimum re- 
flection so obtained? Though approximate, the analysis 
applies to a wide variety of cases of practical interest. 
Besides their relevance to the problem of design, the 
results obtained yield objective criteria by which the 
performance of any given absorber can be judged. The 
furnishing of such criteria is an important part of the 
absorber problem. 


THE APPROXIMATION 


If @ ranges from 6;>0 to 62, it is possible to replace 
sin? @ by a constant in such a way that the maximum 
error committed does not exceed 


3(sin? 62 — sin? 6;). 
For example, on (0, 25°) the error is not more than 0.09, 
and on (0, 45°) it is, at most, 0.25. Even on the whole 


range (0, 90°), the error is <0.5. This fact suggests the 
approximation 


m(x)e(x) — sin? 6 m(x)e(a) — sin? 4 (3) 
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in (2), where 4 is a suitably chosen value between 6; 
and 6). The value 4 is allowed to depend on (; and &, 
and on x if desired, but not on @. 

The validity of the approximation is investigated 
later in this paper. For the present, we note that it is 
surely justified when Re (me)>>1. Thus, if the true value 
of Re (me) is 10, the effect of our approximation on 
(0, 45°) is similar to that of taking Re (me) somewhere 
between 9.75 and 10.25. Since few artificial dielectrics 
of the type used in absorbers can be held to such small 
tolerances, the approximation seems entirely realistic. 
Indeed, because of these manufacturing tolerances, the 
absorber is not really a stratified medium at all; and in 
the author’s opinion the modified equations in (2), 
resulting from (3), are just as appropriate (or inappro- 
priate) as are those in (2) themselves. 

If the thickness x is large, the error may build up in 
the manner characteristic of differential equations; and 
when Re (me)&1, the approximation is also less easy 
to justify. (We shall see, nevertheless, that the approxi- 
mation can be excellent in this latter case.) To keep in 
mind the situation to which our analysis applies for 0 
far from 0°, the reader may think of a thin solid absorber. 
The word solid suggests Re (me)>>1, which is not the 
case for low density foams. If @=0°, the approximation 
is valid regardless of the type of absorber considered. 

It should be mentioned, in conclusion, that a given 
accuracy of approximation for sin? 6 does not usually 
insure the same accuracy for y. However, the one error 
can be estimated in terms of the other. For example, 
let E, F, and M be constants such that for O0<p<1 


|e(x)| <£, |1/e(x)| <F, | m(x) — p/e(x)| <M 


throughout the dielectric material. If y refers to the 
value for 6 and yo to the value for 6) at parallel polariza- 
tion, it can be shown that 


= oi in? @ — sin2 me ME. 
ly— | < . | sin?@ — sin 69| F sec VME. (4) 


The thickness x of the absorber must be such that the 
argument of the secant is <7/2. A limitation of this 
sort will arise in any estimation of y because || can be 
(and generally is) unbounded. (On the other hand, | R| 
does not depend critically on y when | y| is large; see the 
section entitled “The Salisbury Screen.”) 


THE Basic FORMULA FOR REFLECTION 


In accordance with (3) let @ in (2) be replaced by 6p. 
Since R= —1 when x=0, the initial conditions are 


yi = 0, yl =O at x= 0, (5) 


It is very important that these conditions are independ- 
ent of 6. This same independence would be observed if 
R=-+1 at x=0, the short circuit being replaced by an 
open circuit; and our analysis applies without change to 
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that case. This remark will be needed later. 

Since m, e, 1/m, and 1/e are bounded for any physi- 
cally realizable materials, the right-hand members of (2) 
satisfy a Lipschitz condition on y. The uniqueness 
theorem insures that there is only one solution satisfy- 
ing the conditions (5). Thus, for each fixed x, 


wi sec @ = constant, wi cos @ = constant, (6) 


independent of 6. These are the fundamental relations 
for a thin solid absorber. If w(0) =p exp (—jg) we get 
the formulas 


pe #— cos? 


pe-14 + cos 0 


pe 27 cos 6 — 1 


Ri) = Ri@) = 


pe4 cos 6 + 1 
which admit a physical interpretation [2]. 
Transforming back from w(0) to R(0) yields the 
following: Let the normal-incidence reflection have ampli- 
tude a and phase b, so that R(0) =a exp (—jb). Then the 
reflection R(@) at incidence 0 1s wholly determined by a 
and b. Indeed, with t=tan? 9/2 we have 
f2? — 2atcosb + a? 


R1(6) |}? = ———___ 7) 
| 1) | 1 — 2at cos b + ai? 7) 


at perpendicular polarization and | Ry (6) | 2 equals the 
same, with +cos 0 instead of —cos BD. 

Graphical representation is given in Figs. 2-4. Since 
absorbers are commonly described in terms of their 
decibel attenuation, we have plotted the absorption 


A(6) = — logio | R(6) |? = db down 


rather than the power reflection, | R() | 2. In each figure 
a=|R(0)| is held constant, while the phase 6 is a pa- 
rameter. 

According to (7) the same family of curves can be 
used for both polarizations. In fact, let two absorbers have 
the same normal-incidence reflection except for 180° 
change in phase. Then one absorber has the same behavior 
at perpendicular polarization, as the other has at parallel 
polarization. This fact is exploited in the figures by 
appropriate designation of b. 


OptimuM DeEsIGN, FIXED POLARIZATION 


With freedom to adjust the two arbitrary complex 
functions e(«) and m(x), we should have expected a 
wide variety of possible behaviors, | R| vs 6. But the 
foregoing considerations show that this expectation is 
sharply revised when thin, solid absorbers are in ques- 
tion. The angular dependence has a rigidity which is 
quite unlooked for, in view of the generality of the 
media considered. We present criteria for optimum de- 
sign, with due regard to this rigidity. 

At a fixed polarization let it be required to minimize 
the maximum reflection over the given range (01, 02). 
The design is carried out by use of Fig. 5, which gives 
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Fig. 2—Power reflection in decibels vs incidence angle when TLS eps CUO 
R(0)=0.0178 e*, 


contours of constant reflection for optimum design vs 
the incidence angle 6 and the design angle, ¢, at which 
R(6) =0. The optimum choice of ¢ is the unique value 
such that 


40 


04 a Ci) < Oo and A(61) = A (62) (8) 


on the corresponding contour. By considering horizontal 

30 line segments extending from 6; to 62, one readily estab- 

lishes the @ at which (8) holds. Such a segment is shown 

in the figure for the range 30° <0 <60°. It gives o =49° 
and the minimax absorption is about 17 db. 

The optimum absorber is specified as soon as 

R(0) =ae-*® is known. Elementary analysis shows that 


207, 
= a = tan? @/ 2, b= 05; by = 180°. (9) 
& In summary: Jf a thin, solid absorber gives optimum 
3 performance for 0:<0 <6, at a gwen polarization, then the 
10 : normal-incidence reflection must have zero phase shift 
2 when the given polarization 1s perpendicular and 180° 
a phase shift when it is parallel. The optimum absorber and 
| 4 its performance are given by the relation plotted in Fig. 5, 
. together with (9). 
8 = angle of incidence in degrees Here, the absorber is unique only insofar as its be- 
°o 30 60 90 havior is determined by R(0). Many choices of e(x) and 


Fig. 3—Same, R(0)=0.0560 e*. u(x) are possible. 
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Fig. 5—Contours of constant power reflection in decibels, for a given 
polarization, vs the incidence angle 9 and the design angle ¢ 
at which the reflection is zero. 


CHANGE OF POLARIZATION 


We have seen that | R@)| must have a minimum be- 
tween 6; and 6; if the design is to be optimum at a given 
polarization. At the other polarization | R(6) | cannot 
have any minimum between 0 and 7/2; indeed, the 
basic formula readily gives the following: For a thin, 
solid absorber, a necessary and sufficient condition that the 
amplitude reflection | R(6) | have a minimum at 0=$¢+0 
is that R(p) be pure imaginary. This situation arises at 
perpendicular polarization if, and only if, | w(0) | >d:(or. 
if —1/2</R(0)<a/2, which is the same thing). It 
arises at parallel polarization in the contrary case. 

Thus, a minimum between 0 and 7/2 [hence, very 
good performance on (41, 62)] is possible for one polari- 
zation only, not for both with a given absorber. More 
detailed analysis yields the following. For a thin, solid 
absorber, let the amplitude reflection | R(6)| have a mini- 
mum equal to tan q/2 at 6=¢40. Then the reflection is 
wholly determined at both polarizations, and at arbitrary 
incidence, by ¢ and gq. We have 


cos? ¢ — 2 cos¢ cos 6 cos g + cos? 6 


| RO) |? = 
cos? ¢ + 2 cos ¢ cos 8 cos q + cos? @ 


(10) 


at the given polarization, and the same, with sec @ re- 
placing cos 6, at the other. In particular, suppose 
R(@) =0 at one polarization. Then for the standing-wave 
ratio at the other polarization 


i | R(®) | 
Siig a oe cae 
1 | (6) | sec? ¢. (11) 
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Despite these negative results, an absorber may (and 
generally does) have to perform at both polarizations 
simultaneously. Since |R.:| increases and | Ry| de- 
creases as 6 increases from 0 to 180°, the value of 6 which 
is best for one polarization is worst for the other. We 
have | Ri| =| Rj| if, and only if, b=/2; and for opti- 
mum design 


max (| Ri| , | Ri |) 


pe + a 1/2 
: s = (Eee eee 
Rigi Uae Ga se 


where {=tan? 6/2. The expression, which is plotted in 
Fig. 6, increases with a and hence is least at a=0. These 
results may be summarized as follows: Suppose a thin, 
solid absorber, intended for use at both polarizations, has 
prescribed normal incidence reflection, a. Then for any 
range of 0 the design is optimum | subject to | R(0) | =a] af | 
and only if R(0) is pure imaginary. In that case the reflec- 
tion is independent of polarization and 1s given by the 
relation represented graphically in Fig. 6. The reflection at 
every angle decreases as | R(0) | decreases, and when 
R(O) =0 we have | R()| =tan? 0/2. This represents the 
optimum performance possible. 


EXPERIMENTAL VERIFICATION 


Comparison of theory and experiment leads to satis- 
factory agreement. The absorbers used were the stand- 
ard production model F-89-VF, supplied by the Mc- 
Millan Laboratory, Inc., Ipswich, Mass., where the 
measurements were made by A. Preston and the author. 
The theoretical curve showed that the absorbers have 
approximately the optimum behavior possible (accord- 
ing to our theory) in the range for which they were 
designed ; v7z., at perpendicular polarization, and over an 
interval centered near §=35°. The constants (a, 6) were 
determined, in fact, by taking R:(35°)=0 and using 
(10). The curve for parallel polarization was determined 
by the same choice of a and 6; it agreed within 3 db out 
to the last data-point, 6=60°. Since highly accurate 
data have been presented elsewhere [2] we do not 
devote much space to the subject here. The point to be 
emphasized is that the absorbers had a rather compli- 
cated internal structure and that the theory describes 
their behavior without taking account of this structure. 


GRAZING INCIDENCE 


The foregoing methods lead to the following: Let 


a=a(x) satisfy the Riccati equation and boundary con- 
dition 


doa _ ~2nj[m(x)e(x)-1 | ‘; 
de [ee zy m(x) | a(0) = 0. (13) 


Let Ri(@) be the reflection at perpendicular polarization 
and incidence 6 for a medium of thickness x and complex 
parameters €/e9=e(x), w/uo=m(x), backed by a con- 


fe) 30 60 90 


@=angle of incidence in degrees 


Fig. 6—Power reflection in decibels vs the incidence angle 6, when 
max (|Rx], | Ril|) is minimized by suitable choice of arg R(0). 


ducting surface. Then 


9—n/2 COS @ 


and 


d 
a | Ri |? = 4 Re(a) at 6 = 4/2. (14) 
0 


Similarly, if 8 =6(«) satisfies 
m(x)e(x) — 1 
e(x) 


then the complex reflection at parallel polarization 
satisfies 


dB —2xj 


Ps | a0) =0 (15) 
dx 


| ecaye" — 


1— Ri 2 
SS 
B 


lim 
p—n/2 COS O 
4 
a | Ry |? = Re (=) at 6 = 1/2. (16) 
dé B 
It should be emphasized that (13)—(16) are exact; that 


is, they follow from (2) without the approximation (3) 
used heretofore in this discussion. 
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The relevance to the problem of 6 dependence is as 


follows. Eqs. (14) and (16) are consequences of the fact 
that 


lim wsec@ =a, lim wi cos@ = B as 6— 90°. 


(17) 
If we take w cos 6=8, we get the approximate formula 
P? — 2P cos6cosQ + cos? 6 


| Rif? = 
P*? + 2P cos 6 cos Q + cos? 6 


(18) 
upon setting 6= Pe’, This result plays the same role 
for 8=90° as the previous results do for 6=0°. A similar 
approximation is true for R.. 

Since (13) and (15) can be made to yield any desired 
a and 6 by appropriate choice of m and e, the results for 
perpendicular and parallel polarization are independent 
(in contrast to the behavior near 0°, where they were 
dependent). Apart from this, the previous discussion 
and graphs apply here too; for (17) has the same struc- 
ture as (6). 


THE SALISBURY SCREEN 


An excellent check of this theory is afforded by the 
Salisbury screen (Fig. 7). If the resistive layer has 
thickness 4; and complex parameters 


ey = ki(i 7 tan 51), mM, = ky(A a) tan 61’), 


the reader will recall that its transmission 7, and reflec- 
tion R; are readily computed under the hypothesis 


| iver] Kd, | ex/m| > 1, | em | >> 1. 


resistive layer « , #, 
conductor 
R(@, x) 
! 
| 
a 
: 
x=0 X=X 
Fig. 7—Salisbury screen in cross section. 
The result is 
T,=14+R.+ [1+4KN]" (19) 


where N is the normalized conductivity and K =sec 6, 
or K=cos 6, at perpendicular, and at parallel polariza- 
tion, respectively. 

If the lossless dielectric separating the resistive and 
conducting layers has thickness d and real parameter 
k =(€/€) (u/pmo), the reflection of core-plus-metal is very 
close to.exp (~2j) where 


y = Ind/k — sin? 6/d. (20) 
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(There is no error in (20) when k=1 or when y is a 
multiple of #/2. This fact will be useful later.) 
Without further approximation we get 


y. = [N —jcotycosé]-!, yi = [N —jcotysecé]- (21) 


for the Salisbury screen. If the reflection is 0 at 0=¢, 
then 


7 1/- — sin? @ 
a a a eee 
2 k — sin? ¢ 
for a first-order, 7.e., thinnest possible, structure. The 


resulting behavior at incidence @ is given by (21). 
Taking ¢=0 as an important and typical case, we get 


M Ni = secgd (22) 


cos ¢, 


¥ 


7 Fal 
y= E —jcos@ oo (1 — k7' sin? a | 
T i 
y= E —jsec on (1 — k-' sin? a] tee (23) 


When &=1, the real and imaginary parts are given in 
Table I asa function of §. For perpendicular polarization 
the variation is not excessive, but for parallel polariza- 
tion the real part varies from 1 to 0. A graph of the 
real part vs the imaginary part yields very nearly the 
same curve both times; but the whole curve obtained 
for perpendicular polarization on (0, 90°) is traced out 
by the parallel polarization values on (0, 44°). Thus, for 
our case | e1| >| my| , the theory for Ri is more reliable. 
just as the experimental work suggests. (If | my| >| e1| ‘ 
the theory for Rj is the better.) 

According to the general theory 

| R|? = tan‘ 6/2 


(24) 


at both polarizations when, as in this case, R(0) =0. To 
see how serious an error in | R| is produced by the vari- 
ation shown in Table I, we have plotted the reflection 
given by (23) for k=1 together with that given by (24). 
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By Fig. 8 the maximum error is about 5 db. In absorber 
design, an error of 5 db is not as serious as one might 
think, so that the theory is not wholly vitiated even by 
the great variation shown in Table I. 

If a larger value for & is chosen, the assumption of a 
thin solid absorber is better satisfied, and we expect a 
smaller error. Table II presents the same calculation as 
Table I, except that R=5. The basic relation (6) is 
satisfied very accurately at perpendicular polarization 
on the whole range (0, 90°), and it is satisfied to 70° or 
80° for the parallel case. Since the real part will always 
change from 1 to 0 in the latter case, the equality over 
the whole range is not possible. However, the effect on 
| R| is completely negligible even when 6+90°, as we 
shall see. The analog of Fig. 8 for Table II leads to 
three curves that are practically indistinguishable. 


a 
° 40 
‘= 
c 
2 
a 
3 
n” 
2 
o 
s 
3 {3 
a 
n 
< 
4,il 
te} 
(0) 30 60 90 
®= angle of incidence in degrees 


Fig. 8—Comparison of the general theory with the Salisbury screen 
Aue ae the core dielectric constant k=1 and the resistivity 
= ohms. 


TABLE I 
SALISBURY SCREEN IMPEDANCE FOR k=1, N= 1, d/X=} 


6 (degrees) 0 10 


50 60 70 80 90 
Re (w. sec @) 1.0000 0.9994 0.992 0.97 0.92 0.86 
; ; 0.8 
Im (w1 sec 8) 0.024 0.090 | 0.18 | 0.27 o.3t | 040 | 0:43 0.45 0:45 
Re (w]| cos @) 1.0000 0.9994 0.990 0.95 0.80 0.5 
St 
Im (wl cos 8) 0.024 0.10 0.22 0.40 0.50 0:40 0:20 are 0 
TABLE II 
SALISBURY SCREEN IMPEDANCE FOR k=5, N=1, dv/5/A=} 
6 (degrees) 0 10 20 30 40 50 60 70 80 90 
Re (wi sec 6) 1.0000 | 0.99998 | 0.9997 | 0.9989 | 0.9 
.9972 | 0.9966 
Im (w1 sec 8) 0.0046 | 0.0713 | 0.034 | 0.053 | 0.059 006)" 0 net 0028 ; a 
Re (wl cos 6) 1.0000 | 0.99998 | 0.9996 | 0.9980 | 0.9 
' .9929 | 0.980 é 
Im (wll cos 8) 0.0048 | 0.020 | 0.045 | 0.090 | 0.14 0:23" 0:36" 0:30" 0 
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FURTHER VERIFICATION OF THE GENERAL THEORY 
If R=0 at 9=@, (21) and (22) yield 


1 — cos? 

Oa 

1+ cos?¢ 
for the reflection at the other polarization. This agrees 
with (11), so that one major prediction of the theory is 
precisely verified. But it should be emphasized that (25) 
follows with no approximation other than (19); in par- 
ticular, k>>1 for the core is not assumed. 

The reason for the success of the theory, even though 
k +1, is as follows. It happens that core-plus-metal is an 
exact open circuit at both polarizations, in the circum- 
stances leading to (25). Since the cloth does not know 
whether this open circuit at 6=¢ is produced by a low or 
by a high dielectric constant, we can replace the core 
by a thinner one having k>>1 without changing the re- 
flection at the angle in question. But the new absorber 
satisfies our assumptions, since the cloth does, and since, 
as we were saying, k>>1. Thus, its reflection can be 
computed by (11). 

The reader will perceive that we have arrived at 
a general principle: Let a thin solid layer, A, be backed 
by a terminating stratified medium, B, and suppose the 
over-all reflection 1s zero at a given angle $ and polarization. 
If there is a thin solid absorber whose complex reflection 
reproduces that of B at $ and at both polarizations, then 
(11) holds for the original composite medium, A plus B. 
A mathematical proof of this principle can be based on 
certain functional equations satisfied by solutions of 
Riccati’s equation, but the physics is so clear that we 
do not belabor the matter here. 

A final check of the theory is given by letting 6-0 or 
6—90°. By (21) 


(25) 


() 
| Ri|?~ | Ri |2 ~~ {1 + (4/2k)?] Bg, 


as 6-0, where we write a~b to mean lim a/b =1. Com- 
paring with (24) we see that the general theory is in 


1 Eq. (25) was noted by Walther [2]. However, he assumes that 
core-plus-metal has an electrical quarter-wave thickness independent- 
ly of 6. By (20) this is equivalent to k>sin* 6; so that Walther’s ob- 
servation is a direct consequence of the general theory. For the same 
reason, his analysis of the Salisbury screen does not enable us to 
compute Tables [I and II. 
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error by the factor 1+(m/2k)?, as 6-0. For k=1 this 
accounts for the difference of 5.4 db that occurs in Fig. 
8. For k=2 the error due to this factor is 2.1 db, and it 
is 1 db for k=3. 

Since the theory gives the correct result near 0°, the 
first terms of the Taylor’s series for | R| * must agree, 
though there is no guarantee of equality of limiting 
ratios when R(0) =0. In the present case the agreement 
is exact through terms in 6°, and the ratio of coefficients 
for 64 tends rapidly to 1 as R> &. 

A similar calculation for 6 near 90° gives 


1— | Ri|?~ 4 cos 6 
-1 
1 — | Ril ~ 4(1 + cot? (1 — sn) cos 8 


whereas by (24) 
1— | R|?~4cos@ 


at either polarization. Expansion of the radical in 
powers of 1/k yields 


1— | Ri? ~ 4[1 + (4/4k)2]- cos 0. 


Thus, as 690° the theory yields the correct behavior 
for perpendicular polarization regardless of k, and the 
correct behavior for parallel polarization provided 
(1/4k)?<1. The theory underestimates the value of 
| Ry| . However, the error in 1—|R,| 2 is only 1 db for 
k=1.5 and for k=5 as in Table II, the error is only 
0.011 db. In practice the important thing is | R| , not 
w; and that Re (w; cos #) jumps from 0.858 to 0 on the 
range (70°, 90°) in Table II is without practical signifi- 
cance. 
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Analytical Asymmetry Parameters for Symmetrical 


Waveguide Junctions* 
M. COHEN} anp W. K. KAHNt 


Summary—This paper presents a systematic approach to the 
evaluation of (waveguide) junctions from the standpoint of their con- 
formance to certain symmetries. Preferred sets of asymmetry param- 
eters are found which are complete, minimal in number, which go 
to zero when the junction represented is symmetrical, and which may 
often be identified with a corresponding structural symmetry defect. 
The asymmetry parameters are first introduced for general linear 
junctions, but special attention is given to reciprocal and lossless 
junctions. The derivation of these preferred sets is based on the 
theory of group representations hitherto employed in the analysis of 
ideally symmetric junctions. One of the applications of these preferred 
parameters yields first-order relations among the defects of a nearly 
perfect hybrid-T junction which are believed to be new. 


I. INTRODUCTION 


HIS PAPER presents a systematic approach to 
[tt evaluation of waveguide junctions from the 

standpoint of their conformance to certain sym- 
metries. While ideal symmetrical junctions have re- 
ceived extensive treatment in the recent literature, !—® 
little account is taken, in these papers, of the fact that 
all actual junctions are, in some degree, asymmetrical. 
On specialized consideration of a particular junction, 
engineers have commonly improvised parameters de- 
scriptive of junction asymmetries. It generally remained 
uncertain whether or not such a set of asymmetry pa- 
rameters, introduced ad hoc, was either complete (in the 
sense that any arbitrary asymmetry could be described) 
or minimal (in the sense that no linear relations sub- 
sisted among elements of the set). Here, these questions 
are resolved simply and, we believe, naturally in terms 
of the same theoretical framework which has been suc- 
cessfully employed in the analysis of ideal symmetrical 
junctions; t.e., the theory of linear transformations and 
representations of finite point groups. 


* Manuscript received by the PGMTT, March 12, 1959; revised 
manuscript received, May 8, 1959. The essentials of this paper were 
submitted by Mr. Cohen as a thesis in partial fulfillment of require- 
Rene 1h the M.E.E. degree at the Polytechnic Institute of Brook- 

ny Nay. 
a + Polytechnic Res. and Dev. Co., Brooklyn, N. Y. 
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Ferrite Devices,” Electronics Res. Lab., Brown University, Provi- 
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Wen eaide junctions,” Phillips Res. Rape vol. 7, Le ea 


A procedure is outlined whereby a preferred set of 
asymmetry parameters may be derived for any junction 
appropriate for description of the degree in which that 
junction deviates from a given symmetry. The parame- 
ters comprised in such a set are complete, minimal in 
number, and all go to zero if, and only if, the junction 
is symmetrical (or electrically equivalent to a junction 
with the required symmetry). They are termed analyti- 
cal asymmetry parameters because particular structural 
symmetry defects may often be deduced from them. 
First obtained for general linear junctions, special at- 
tention is given to reciprocal and lossless junctions. 
Scattering notation has been employed throughout this 
paper for the network quantities since these are the 
most convenient for microwave junctions, and moreover 
they exist for arbitrary passive structures. 

The principles by means of which the analytical 
asymmetry parameters may be derived is sketched in 
Section II. This sketch may largely be supplemented by 
reference to the extensive treatments of ideal symmetri- 
cal junctions previously cited. A detailed illustration 
of the procedure is presented in Section III, in which 
asymmetry parameters appropriate to the H-plane Y 
junction are derived. This section should also clarify the 
special case of symmetry degeneracy, which is slighted 
in Section II for the sake of brevity. 

The final section contains two examples illustrating 
the measurement and theoretical significance of the 
derived asymmetry parameters. The results of the per- 
turbation calculation performed on a nearly perfect 
hybrid-T are believed to be new. 


II. SYMMETRY AND ASYMMETRY PARAMETERS 


At any frequency the network characteristics of a 
linear N-port, equivalent to a particular junction (one 
without “noncontrolled” sources) at reference planes 
appropriately chosen in perfectly conducting uniform 
waveguide leads, may be described by N? complex pa- 
rameters. The elements of the conventional (normalized, 
voltage) scattering matrix, 

S = (83) tj SA, 2,° 2, (1) 
constitute one such description. This matrix relates the 
column matrices of terminal quantities a and b; 


b = Sa, (2) 


the elements of which, 


a = (a;) and b = (b,) += 1, Ze tee cI (3) 
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are, respectively, the rms phasors corresponding to the 
waves incident onto and reflected from the junction at 
the reference planes chosen. These phasors are so nor- 
malized that ata and btb are, respectively, equal to the 
power incident onto and the power reflected from the 
junction. (The symbol at denotes the conjugate trans- 
pose of a.) In this section, alternative (scattering) de- 
scriptions will be developed, entirely equivalent in point 
of generality to the conventional scattering matrix, but 
especially appropriate to junctions conforming to par- 
ticular symmetries. The NV? complex parameters enter- 
ing into such a description fall into one of two categories: 
1) those parameters which necessarily vanish when the 
junction represented actually conforms to the particular 
symmetries which determined the description; and 2) 
the parameters which do not necessarily vanish in that 
case. Those in the first category are denoted asymmetry 
parameters, and those in the second, symmetry parame- 
ters. The elements of the conventional scattering matrix 
will be expressed (linearly) in terms of the asymmetry 
and symmetry parameters, and conversely. 

Consider a symmetrical structure such as, for exam- 
ple, the waveguide junction shown in Fig. 1. The physi- 
cal symmetry of such a structure may be described in 
terms of the operations, 7.e., reflections and rotations, 
which leave the structure invariant. These operations 
form one representation of a group, the symmetry or 
point group of the junction. The corresponding electrical 
symmetry of the network equivalent to the junction 
may be described in terms of the permutations of the 
terminal quantities which leave the network relation 
(2) invariant. The unitary matrices M;, which perform 
these permutations of the terminal quantities a and b, 
may be written down by inspection, and these then 
form another representation of the mentioned group. 
Thus, if 

b= Sa (4) 


and 


(5) 


a® = Mya, 


b® = Mb = M;,Sa, 


Fig.1—Symmetrical waveguide junction, H-plane Y. (Symmetry 
planes marked F, rotational symmetries marked R.) 
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then 


OSAP) 


(6) 


for arbitrary a. When a“ and 6 in (6) are replaced by 
their equivalents in terms of a, there results: 


MiSa = SMa, (7) 
which yields the essential connection between M; and S, 
M,S = SM. (8) 


This connection may be utilized directly to find the 
relations among the conventional scattering coefficients 
that are a result of the symmetry to which M, corre- 
sponds [Section III, (27)—(29)]. More to the purpose at 
hand, (8) may also be utilized to find a transformation 
which reduces the scattering matrix of a symmetrical 
junction. 

Since S and M; commute, it is known that these two 
matrices have a common set of invariant subspaces.” 
But the permutation matrix M; is simple in form and 
is known (having been deduced from the geometrical 
symmetry of the junction). Hence, invariant subspaces 
of S will be found by finding the unique invariant sub- 
spaces of M;, and from these a transformation will be 
constructed which reduces S. 

The eigenvectors m;‘ belonging to the eigenvalues 
pe of Mi, satisfy the relation 


(M, — we), =0, i= 1,2,-- (9) 


N linearly independent eigenvectors may be arranged 
as a hermitean orthonormal set since M; is unitary. 
Assign consecutive superscripts to any repeated de- 
generate eigenvalues. The subspaces spanned by all the 
eigenvectors corresponding to any one value are the 
unique invariant subspaces of M;. Then the trans- 
formation, 


»m,), (10) 


T. = (mj, Om, - - 


formed with these eigenvectors as columns, is unitary; 
i.e., T=T+t. Acting on columns a; and by, 


b = Tybx; (11) 


T; expresses a and bas linear combinations of the eigen- 
vectors m,. The column matrices a, and by may be 
regarded as new or transformed (incident and reflected 
wave) terminal quantities. The transformed scattering 
matrix S; corresponding to these new terminal quanti- 
ties may be found on substitution for a and b in (2). 


Tyby, = STpax, (12) 


a= Tax; 


bi = Ty STi,a:, = T,*ST,ax, (13) 


and comparing this result with the defining equation; 
bi, = Shak 5 (14) 
7H. L. Hamburger and M. E. Grimshaw, “Linear Transforma- 


tions in N-Dimensional Vector Space,” Cambridge University 
Press, Cambridge, England, ch. 23, p. 138; 1950. 
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1.€., 
Sys Welle (15) 
The matrix S; has the form 
Sy = , (16) 


where the shaded regions along the principal diagonal of 
S; represent square submatrices. The elements of these 
submatrices will be denoted Q;;. Each submatrix corre- 
sponds to an eigenvalue px of M;; the dimension of the 
submatrix is equal to the degeneracy of that eigenvalue. 
The zeros in the remaining rectangles imply that the 
elements in these submatrices of S$; are all necessarily 
Zero. 

To recapitulate: if a junction actually possesses the 
symmetry corresponding to M;, then its scattering 
matrix S commutes with M; and the matrix S; defined 
in (15) necessarily has the form (16). The elements Q,; 
then suffice to describe the junction. 

Now consider an arbitrary waveguide junction. Its 
scattering matrix S does not (necessarily) commute with 
M,. If, nevertheless, S; is defined by (15), S; is entirely 
general in form with no elements (necessarily) equal to 
zero. Retain the notation Q;; for those elements with 
subscripts 77 for which it was introduced in the sym- 
metrical case, and denote the remaining elements of 
Si Giz. Then the qi; are precisely those scattering parame- 
ters which necessarily vanish when the junction repre- 
sented actually conforms to the particular symmetry 
corresponding to M;,; 7.e., the asymmetry parameters. 
The Q,; are the corresponding symmetry parameters. 

The above theory may readily be extended to include 
more complex symmetries to which several or a whole 
group of matrices M;, R=1, 2,:-+ correspond. An 
example of the procedure may be found in Section ITI. 

It was suggested in connection with (11)—(15) that 
the matrix S; be regarded as an alternative or trans- 
formed scattering description with terminal quantities 
a, and by. One way in which this viewpoint may be 
made useful and, perhaps, more familiar, is by display- 
ing the special forms that this matrix takes when the 
junction represented is nondissipative and Lorentz re- 
ciprocal; a second way is presented in the last section. 

When a junction is nondissipative, the conventional 
scattering matrix S, descriptive of this junction, is uni- 
tary. But, 


Spal pS iy) mela tS teak = 
Set = (Ti*ST;,)* = T,+S+Ty, 


Lat Sigs Lie ae LA) 


(18) 
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since 7; is unitary; hence, when S is unitary 


Sha ah (19) 


or S; is also unitary. 
When a junction is Lorentz reciprocal, the conven- 


tional scattering matrix descriptive of this junction has 
St=a5: (20) 


(5 denotes the transpose matrix of S.) Substituting for 
S its expression in terms of S;: 


TrSeTe* = TiSeTr*, (21) 
or 
(Ti Tx) Sk = 5n(T,T x). (22) 


When, in addition to being unitary, the transformation 
T; is real, then 


Te l=, (23) 


and (22) reduces to 


Sp Si, (24) 


1.e., the same formal condition on S; as was imposed 
on S. 

The general theory of this section separates the N? 
independent parameters descriptive of a linear junction 
into symmetry and asymmetry parameters. Stipulations 
in addition to linearity regarding the physical character 
of the junction, such as reciprocity and the conservation 
of energy force relations among these parameters or, 
alternatively phrased, reduce the number of parameters 
which may be assigned arbitrarily. In the instance of 
reciprocity, N(N—1)/2 linear constraints [(20), (22) 
or (24)] result, and for all the junctions treated, these 
are so simple that no difficulty is encountered in select- 
ing N?— N(N—1)/2=(N-+1) N/2 independent parame- 
ters. The nonlinear constraints (19) which result from 
the conservation of energy are not automatically satis- 
fied by the parameters. An illustration of how these 
nonlinear constraints may be employed is given in the 
last section. 


III. ILLUSTRATIVE EXAMPLE 


While the general principles by means of which ap- 
propriate symmetry and asymmetry parameters may 
be introduced for any junction were presented in the 
preceding section, these will now be made concrete by 
application to the H-plane Y junction shown in Fig. 1. 
This junction constitutes the simplest example which 
displays all the idiosyncrasies encountered in the most 
general case. 

The symmetry operations have been indicated by 
marking the planes of reflection symmetry Fi, Fo, Fy, 
respectively, and the 120°, 240° rotations by Ri and Re, 
respectively.’ The unitary matrices which perform per- 


* Subsequently, the same notation will be employed for the 
geometrical symmetry, the symmetry operation which leaves the 
junction invariant, and the corresponding permutation matrix. 
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mutations of the terminal quantities corresponding to 
F, and Rj are 


iL O © 
Eig Om’ 05 18ips “oR: 4 0 (25) 
Otis 0.) OrAlar0y 
Note that F\2=J and R=. 


The remaining matrices may be found from the two 
given by matrix multiplication in accordance with the 
multiplication Table A below. 


TABLE A 


I Fae Re Ries OR i Re Oe, 
Ri fot Re ee ta 
Rs TPS 6 OO A ee Fee ce 
Fy Soe i eae ee 
P, eg Teper Rigas T. > in Re 
F; | NN SS Set am teat Ce Po | 


This table is to be read: 


M;M; —— M;, (26) 


where 


M;=the ith element of the first column, 

M;=the jth element of the first row, 

M, =the element at the intersection of the zth row and 
jth column. 


Each entry in Table A may be verified by reference to 
Fig. 1, where the effect of operation M; followed by 
operation M; may be seen geometrically. 

In the frequency range in which only one mode propa- 
gates in each of the waveguide leads, the scattering 
matrix .S of the Y junction with respect to symmetri- 
cally chosen reference planes, may be written: 


811 Siz Siz 
S =| Sar See 82 (27) 
S31 832 833 
Qit Giz G3 Soo + $32 + S23 + 832 
Spr, = | Gar G@e2 de3 | = — /2(Si2 + 813) 
| G31 G32 G33 S22 — 833 + S23 — S32 


If the Y Junction truly conforms to the symmetry /', 


_we have from (8): 


F,S ie SF, (28) 
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which, on multiplying out, is seen to imply: 


Siz = 813, Sei = 831, Soe = S33, and Sez = So. (29) 


In order to find the symmetry and asymmetry pa- 
rameters appropriate to /, the transformation Ty, 
must be constructed from eigenvectors fi of Fy. Ac- 
cordingly, consider the eigenvalue problem: 


CP rpg OP! (30) 
The eigenvalues ¢: are found as the roots of 
det (F1 — ¢7) = 0 = (1 — 1)(@2— 1), (31) 


or 


$1) =S + ie go, a == L and oy?) a 1 


Since $1') =¢1™, the eigenvalue problem is degenerate; 
1.€., the invariant subspace belonging to the eigen- 
value +1 is two-dimensional. Many pairs of eigenvec- 
tors which span the subspace belonging to the eigen- 
value +1 may be found. Perhaps the simplest ortho- 
normal set is that given in Table B. 


TABLE B 
Eigenvalue dA = ¢@ = +1 | $18) = —1 
: 1 0 1 ; 0| 
Corresponding Fi) een £2 =|0 FAC 1 
eigenvector/(s) 1] 0 V/2 es | 


The transformation 7, constructed from these eigen- 
vectors is 


Ouray 2 0 
(ey EI 0 1 (32) 
Fy V2 

1 C1 


In accordance with (16), the matrix Sy,=Tr,+STr, has 
the form 


Gi Gaz 0 
S7,= | @e Gee 0 |, (33) 
0 0) (33 


provided that the Y Junction truly conforms to the 
symmetry F;. Therefore, in general, Sr,=Tr,*+ST?, is 
given by 


4/2(S21 + $31) $22 — $33 + 832 — 82s 
2811 /2(812 - Sis) ? 
4/2(So1 — 831) $22 + 833 — S23 — S32 


(34) 


where the upper case @,; are symmetry and the lower 
case @;; asymmetry, parameters, Inversely, S$ 
= (re9r,1 2, is given by 
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Sir S12 813 1 2Q2.2 
S = | 8i2 See S23 | = “e /2(Qiz3 + 432) 
831 832 $833 /2(Qiz — 32) 


These results are also listed in Table I(a). 

Returning to the eigenvalue problem, (30), an alterna- 
tive set of orthonormal eigenvectors which will prove 
useful subsequently is given in Table C. 


TABLESC 
Eigenvalues AY = o% = +1 og = —1 
: Vipeaine seman 3 
Corresponding 20 = pls FE scp teres zl ORT | 
eigenvector (s) V/3 | /6 | /2 | 
uC) =i oll 
The transformation 7’, now appears as 
1 2 
VG 
i : 3 (36) 
Go| Vom ORD 
il 1 1 
Voges 0 tea? 


Corresponding (but different) symmetry and asymmetry 
parameters may be introduced to parallel (33)—(35). 
In order to find the parameters appropriate to Rj, the 
transformation Tr, must be constructed from the eigen- 
vectors 71 of R;. Accordingly, consider the eigenvalue 


problem 
(Ri — pi) ri = 0. G37) 


The eigenvalues p; are found as the roots of 


det (Ri — pil) = 0 = (:° — 1), 
or 
3 
rie 4 piles bet nae 
ay 
and 
3 
Oy he aap dak sely 
23 


Since the three roots are distinct, the normalized eigen- 
vectors are uniquely those given in Table D. 


TABLE D 
Eigenvalue (| pi® = hy pi®) = he 
Corresponding a 1 i” : 1 : 
= —— = i Das sees 
eigenvector ¥ /3 J/3 Be J/3 hy 
1 ky ke 
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‘Qiy + @33 + Gis + a1 
@ir — @s3 + G13 — G31 
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4/2(@ax — 43) 
@it — @33 — G13 + a1 
Qi1 + Qoe — 13 — G31 


/2(Go1 — 3) 
(35) 


The transformation Tp, constructed from these eigen- 
vectors is 


eit Sil } 
Tr, = 7 iI ko ky (38) 
1 ky ke 


In accordance with (16), the transformed scattering 
matrix Se,=Tr,t+STr, has the form 


Dy 20 0 
Sr,=| 0 De O |, (39) 
0 0 Ds33 ) 


provided that the Y junction truly conforms to the 
symmetry R;. The general expressions for Sr, and S in 
terms of symmetry and asymmetry parameters are 
listed in Table I(b). 

When symmetries /; and R; obtain simultaneously, 
then the junction is perfectly symmetrical; 7.e., when 


FS = SF, and RS = SR, (40) 


then similar relations hold for Fo, F3, and Re, for these 
may be expressed in terms of Fi and Rj; cf., Table A. 
In order to find the parameters appropriate to this sym- 
metry, the transformation 7T,sr, must be constructed. 
Both eigenvalue problems (30) and (37) are in point 
here since the scattering matrix of a perfectly symmet- 
rical junction, by (40), must have a set of eigenvectors 
in common with each F, and Rk). Comparison of the 
eigenvectors in Tables C and D shows that while the 
first eigenvectors of F; and R; listed there agree, the 
remaining two do not. Hence, the requirements imposed 
by (40) on the eigenvectors of the scattering matrix of a 
perfectly symmetrical junction may be satisfied only if 
the eigenvalue problem 


(S — oD)s® = 0 (41) 


is degenerate. That the vectors f, £,@ and ry, r,@ 
span the same subspace follows from their orthogonality 
(to A, = ri). Hence, if the eigenvector 3} =f, = 7, 
corresponds to ¢™ then 


og) = gf) (42) 
is a necessary and sufficient condition on S to satisfy 
(40). The eigenvectors corresponding to ¢ =¢® may 
then be chosen as f,®, f,®; ry), r1®: or any other linear 
combination of these. Selecting the first of these alter- 
natives, it follows that 


Tr gr, - Tr,, 


and that for a_ perfectly symmetrical 


Tr, ter ST r,ar, has the form 


junction, 
Spier, = 


1959 Cohen and Kahn: Analytical Asymmetry Parameters for Symmetrical Waveguide Junctions 435 


TABLE I 
(a) SYMMETRICAL NONRECIPROCAL H-PLANE Y JUNCTION F; SYMMETRY PLANE 


THROF 0 Ope 0) 
F=|0 0 1 i Nai 
/2 
0 0 1 O-1 
Su Sve Sis 2Q22 4/2(@ar + a3) 4/2(Co1 — a3) 
Natural Basis S = '8 Soo Sos S = $//2(Qi2 + ae) (Qu + Qss + a3 + a1) (Qu — @ss — a13 + aa) 
Sa S32 S33 V2(Qiz — 32) (Qu — @ss + 13 — 31) (Qu + @33 — a3 — 31) 
Qn Qe ds (Seo + 833 + Sas + S32) +/2(Sa1 + S51) (S22 — $33 + S32 — S23) | 
Transformed Basis Sr, = {Gar Geo des Sr, = $|V 282 + Sis) 28u1 /2(Si2 — Sis) 
431 32 Ga| (See — S33 + S23 — Sse) /2(Sa1 — S31) (S22 + S33 — $23 — S32) 
(b) SymmetricaL NONRECIPROCAL H-PLANE Y JUNCTION R; ROTATIONAL SYMMETRY 
Ore 
OwmkOT batt tt ad R, 
Risclissy 10 Tei 
OF" 15 70 ve 1 kh ke 
© © 
~ 
5 | 
Su = 4 [Du + Doe ++ Dys + die + dis + dor + dos + dar + ds2] 
Se 4[Du + Dok: + Dssko + ki (die + dae) + ke(dis + dog) + doy + ds1| 
Sis = $[Du + Darke + Doshi + kas + doz) + ko(diz + d32) + da + dx: | 
Sun Sv Sis Sor = $[Du + Dovke + Doshi + ki (dsr + dsz) ++ hea(dox + dos) + die + dis] 
Natural Basis S = |S S22 82s Seo = 4[Du + Des + Das + falda + dos + dai) + holds + daa + dzs)] 
S31 S32 Sas Sos = [Du + Doki + Daske + ki (dis + dor + doe) + ka (di2 + dos + ds:) | 
Sa = 4[Du + Doki + Daske + ha (doy + des) + ko(dsr + dae) + diz + dis] 
Sie = 3 [Du + Dovke + Dash + Fi(di2 + dar) + Re(dis + dar) + dos + dsa] 
S33 = $[Du + Doe + Dos + kids + dor +P dso) + ko(diz + des + dat) | 
Du = [Su + S22 + $s3 + Si2 + Sis + Sor + So + Sai + Sse] 
dig = 3[Su + Sooke + Sask + ki(Sis + Sos) + Re(Siz + S32) + S21 + Sa] 
dis = $[Sr1 + Sooki + Sasko + hi(Si2 + S22) + Ra(Sis + Ses) + Sor + Sa] 
adie? «dus doy = [Su + Sookr + Sasko + fi (Sa1 + Sos) + ba(Ssr + S52) + Si2 + Sis] 
Transformed Basis Sr, = dx Doo des | Dao = 4 [Su + Soo + Sas + BrSia + Sa + S22) + Fe(Si2 + Sos + S21) 
LE Ds dos = 4[Su + Sooke + Saski + kr (Si2 + Sa) + Re(Sis + Sar) + Ses + Soo 
dey = [Sur + Sooke + Ssakr + hu(Sar + Sao) + Ro(Sar + Ses) + Sin + Sis] 
da = (Su + Sooki + Saske + hi (Sis + Sar) + ke(Si2 + S21) + Sos + Sse | 
Dan = 4 [Sur + Sav + San + Fx(Sic + Sas + Sai) + ha(Sis + Sar + Ss) ] 
5 eta I a: 
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6u1 0) 0 
Sr, &R; = 0 G22 0 ’ (43) 
0 O &2 


where ¢® and o =a®) have been replaced, respectively, 
by 61: and & to conform to the notation of Section II. 

The general expression for Sr, « rR, (for any three- 
port) in terms of symmetry and asymmetry parameters 
takes the form 


61 €12 €13 
Spier, = | €21 622+ 22 €23 (44) 
€31 632 S22 — C22 


The asymmetry parameter é is required by the sym- 
metry degeneracy. (More complex combinations of 
symmetries in junctions with large numbers of ports are 
more systematically handled by the apparatus of the 
theory of group representations.) 

It is unnecessary to repeat, in each case, for sym- 
metries 2, F; and Ro, discussions equivalent to those 
just completed for F; and Ri. F; and R, constitute gen- 
erators of the group, Table A, and hence the parameters 
for the symmetries F, and F; may be obtained via, in 
essence, a relabeling of the ports in Fig. 1. Since Ri and 
Re commute, the results for Sp, and Sp, are identical. 
The procedure may be formalized in terms of the sym- 
metry matrices. 

Assume that for some symmetry M,, the eigenvalue 
problem (9) has been solved; the transformation T%, 
(10), has been found, and the form of S;, (15), deter- 
mined. From these, it is easy to obtain corresponding 
results for a matrix Mj. 


M, = M;1M1M;. (45) 

Substituting for M;, in (9), the expression (45) yields: 
(M, — px) M jm, = 0. (46) 

Thus, the eigenvalues of M; are precisely those of My, 


namely p.\, and the corresponding eigenvectors are 
M,;m,. The transformation 7) is therefore 


Ty =a MGTh, (47) 
and the form of the transformed scattering matrix 
Si = TST, = Mj*(TtST,) M; 
= M;*S,M;. (48) 


To apply (48) for the purpose of finding the additional 
matrices Sr, and Sy, required to complete the treatment 
of the symmetrical Y junction, the matrices F) and PF; 
must be written in the form of (45); M; may be either 
Fy or ky. As may be verified by employing Table A, 


Fy = Ry 'F Ry = Ro F3Ro. (49) 


IV. APPLICATIONS 


Preferred asymmetry parameters may be tabulated 
for the several common types of waveguide junctions. 
Convenient tabulations take the form of pairs of equal 

matrices, comparison of which, element for element, 
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yields the asymmetry parameters in terms of the con- 
ventional scattering parameters, and conversely. 

Tables are assigned Roman numerals which corre- 
spond to the type of symmetrical waveguide junction 
considered. Within these principal divisions, according 
to junction type, each particular symmetry, or com- 
bination of symmetries, is distinguished bytaslettes 
following the Roman numeral. Due to limitations of 
space, only those tables required in the body of the 
paper are given. On the extreme right is a drawing of a 
common form of the type of waveguide junction con- 
sidered. This drawing should be examined with care as 
certain information in respect to circuit conventions 
essential for the use of the tables is given only in this 
form. First, the pertinent symmetry is indicated. Sec- 
ond, the waveguide leads of the junction are distin- 
guished by circled Arabic numerals; these numerals 
correspond to the port designations in the equivalent 
circuit for the junction. Third, reference or terminal 
planes are indicated simply by truncating the waveguide 
leads. The arrows across the terminal planes indicate 
the assigned polarity. 

The tables are divided into two columns. Consider the 
column on the left designated “Natural Basis.” The two 
matrices in this column are both the conventional (nor- 
malized voltage) scattering matrix for the junction S. 
The upper matrix is essentially the definition of S=(S;,) 
for the junction. If $;;=8;:, reciprocity constraints have 
been imposed. The lower matrix is the scattering matrix 
written in terms of the preferred parameters. The lower 
case letters are the asymmetry parameters. The remain- 
ing parameters, upper case letters, are symmetry param- 
eters. 

Now consider the column on the right designated 
“Transformed Basis.” The matrices in this column are 
both related to the conventional scattering matrix by 
the transformation Ty (the subscript M stands for the 
pertinent symmetry in the particular table), 7.e., 


Se DAs we (50) 


The upper matrix is Sy written in terms of the pre- 
ferred parameters, while the lower matrix is Sy written 
in terms of the elements of the conventional scattering 
matrix. 

Eq. (50) may be given a network interpretation.’ If 
one defines a 2.V-port with scattering matrix S{ Tu \ , 


f 


0 i @ray 


0 


| 

| 

| 

: 
Lue -{ 
| 
then the N-ports represented by S and Sy are related 
as shown in Fig. 2. The tandem connection of S with 
S{ Tw}, in accordance with the terminal markings in 
Fig. 2, yield a network representation for Sy. Note that 
each line on the circuit diagram represents a waveguide 
port or terminal pair. 

The symmetry and asymmetry parameters have a 
variety of straightforward applications. These will be 
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4 N+ 


Fig. 2—Network representation of Sy. 


illustrated by two examples involving 1) a hybrid-T 
junction, and 2) a short-slot directional coupler, both 
frequently encountered in practice. 

Consider a hybrid-T junction such as, for example, 
shown in Table II. The asymmetry parameters for this 
junction may be determined by measuring the elements 
of the scattering matrix S=(S;,;) and then substituting 
in the second matrix listed in the second column, 


un; = es (S11 — S22) = reflection difference, 
1 
a4 = a%5 (Sia — S24) = H-arm balance depth, 


1 
d23 = Va (Sis — S23) = E-arm balance depth, 


do, = S34 = E-H arm isolation. 


However, Fig. 2 indicates how these asymmetry param- 
eters might be measured directly provided the net- 
work S{ Tr}, cf. (51), 


Feo. '0 0 py i>et 0 0 
Gg oF  C 0 | 0 i es 
ti 0 0 oy1-1 0. +0 
Sry} ath a ed ees i. > (82) 
5 A Ces pio aay otal) 
i Osea Ou an.0 ee 0" 0 
agin Oe Ui 0208 0 
a 0 0/2 | 0 ay ay of 


were available. The equivalent circuit of S{ Tr}, shown 
in Fig. 3, consists of an ideal hybrid-T and two direct 
connections, as may be verified by inspection. Thus, if a 
suitable high-quality hybrid-T junction is available, the 
asymmetry parameters of a second hybrid-T junction 
may be measured directly by connecting these two as 
required by the terminal markings for Fig. 2. 

The four asymmetry parameters introduced to de- 
scribe an arbitrary reciprocal hybrid-T junction are all 
linearly independent. However, if the hybrid-T junction 
is also lossless, certain nonlinear relations are forced 
among these parameters and the symmetry parameters 
of the junction. Some interesting conclusions for nearly 
symmetrical, nearly matched hybrid-T junctions may be 
drawn from a simple perturbation calculation. 

The condition that the junction be lossless is that the 
scattering matrix S or Sy be unitary. Partition the 
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matrix S7: 
Gis vG@rs | Ons) 44 
| 
ieee. Qi2 Goo | G3 dog @ir | au 
je = = = = eS a | (53) 
13 Ge, | G33 C4 Gr eee Cora re 
| 
Qi4 Gog | Gog Gag 


as shown in (53). Since the junction is nearly symmet- 
rical, every element of ay 4 is small. Neglecting squares 
of small quantities, the unitary condition SpSpt=I 
yields: 


@i1 Qiit = ZT, (54a) 

Gun G@unt = I; (54b) 

&iu @it1 + Gnu an = 0, (55a) 
@i1 Gn + Gin Gut n = 0. (55b) 


Eqs. (54a) and (54b) state that, to first order, the same 
relations exist among the symmetry parameters of the 
hybrid-T junction as would obtain if the junction were 
perfectly symmetrical. In particular, 


| @u|?+ | @i2|? = 1, | @as|? + | @sa|? = 1; 


| @u| = | @22|, | @sa| = | Gaal. (56) 
From Table II, column 2, it may be seen that 
$33 — Qoe and $44 = G44, (57) 


so that if the hybrid-T junction is nearly matched, Ge 
and Qs are so small that squares of | @is| 2 may be 


neglected. (This also implies that, to first order, 
| Gio| 2= | @sa| = 1.) Eqs. (55a) and (55b) then reduce to 
&u UGi* + G@yUart n = 0, (58a) 
Q12U ay* 1 + a nU Ass" = 0; (S8b) 
U ( ) (58c) 
al nd © 

It follows directly from either (58a) or (58b) that 
| ais | = | aos | and | ar4| = | a2a | . (59) 


For a second example, consider a junction with many 
symmetries such as a (short-slot) directional coupler. 
This junction may be asymmetric in many ways and 
the analytical asymmetry parameters may aid in the 
determination of where the symmetry defect lies. To 
avoid the specialty of a purely numerical example, con- 
sider that the scattering matrix of a coupler S=(S8,;) has 
been measured and was found to be (see Fig. 4) 


ap? Bp yp> op 
Bp 1a op Fy, 
S = 3) = : 60) 
se) yp) Openap. ae 
ope ay Ppa 


As compared to the somewhat more symmetrical 4-port 
junction (see Fig. 5) considered in Table III, the short- 
slot coupler cannot be expected to possess Rj or F's sym- 
metry. However, it is pertinent to compute the asym- 
metry parameters associated with Fy, Fy and Re. 
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TABLE II 
Hysrip T JunctTION F SYMMETRY PLANE 


Qa Ooo NOK ot bull) 
Dei .cunevo Ai ees a ss 
Pie ar. il <0 mplirce iO 
OmnOm 0h 1 Patty . ee 
F a Lo eo 
8n Sy Sis Su ‘ (Qu ote Qs3-+ 2413) (Qu = Qa) V/2(Aiz se 3) /2 (Qas ar a4) 
' Sie Soe S23 Soa s=} (Qu — Gs) (Qu + Q@sz — 2ais) 1/2(Qiz — dea) — /2(Qss — ais) 
prance Bass 2 Sis Sos S33 Ses rey /2(Qiz + doz) /2(Qie — dx) 2Qe2 2d24 
Su Sa Su Su V2(@u + au) — V2(Qs — au) 2d2 2Qus 
Qu @e as au (Sur + See + 2Sw) +/2(Sis + S28) (Su — Sex) V2(Siua + Sex) 
: Qi2 Goo deg Ag eats /2(Si1s + S23) 2833 »/2(Sis — Sos) 28a 
Transformed Basis Sr = a Gi F=3 (Sas Sa) /2(Sin — Ses) (Sur + Se — 28:2) (Sa — Sa) 
4 da Qs Qu /2(Su4 + Sea) 2834 4/2(S14 — Soa) Sas 


o—o 
(4) (8) 
o——o 


Fig. 3—Equivalent circuit for S{T7} associated with the hybrid-T. 


Fig. 5—Symmetrical reciprocal H-plane four-port junction, A, sym- 
metry plane; F2, symmetry plane; F3, symmetry plane; Fi, sym- 
metry plane; Ri, rotational symmetry; A and Ri symmetry 

| | (implies all remaining operations in group); Re, rotational sym- 

Sy Bier metry (applicable to short-slot coupler); F, and R2, symmetry 


: (implies all remaining operations in subgroup for short-slot 
Fig. 4—Symmetry of the coupler described by (60). coupler geometry). i seg 


Q 
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(a) SYMMETRICAL H-PLANE Four-Port JUNCTION Fi SYMMETRY PLANE 


OR te Oe +O OF ies 
ml A OE OD) Tr, = mee 1 Ol — ie 0 
OF 0 OQ if VO GO coal OE eal 
O. Wy at 0 1 0-1 
Su Sz Sis Sus (Qu+ G@ss+ 2a13) (Qu — Qs) (Qiz+ Css au+de3) (@i2e— @si— ays 23) 
oy poke —_ Si2 S22 Sos Sau S=} (Qu — Gaz) (Qu+ @ss— 243) (Qi2—@sata1s— a3) (12+ Css 4 — 23) 
Sis Sos S33 Ss (Qiro+@satau+d23) (Qiea—Q@setaru—ae3) (Qre+@Qu+2au) (@22— Qua) 
Sus Sos Sse Sus (Giz —Qu—au +23) (Qiz+ Qu—au— 23) (Gee — Chas) (Qe +Q@u— 2d24) 
Qu Qw dis au (Su+S822+2$12) (Sis+S1at+Ses+S824) (S11—S22) (Sis—S14+823— Sea) 
: — |@rz Geo 23 Ou ss (Sis +S1u+S23+S24)  (S33+Ss4+ 2834) (Sis—S23+S14—S24) — (S3a—Sua) 
Esti SFommen BGSES yi SS," G33 «dog Sg a re (Si —Se2) (Sis +S81—Ses—S24) (S11-+S22—2812) (Sis—S1a—S23-+S24) 
ay dy Css Qu (Sis+Se3 —S1u—S24) (S33 ao Su) (Sis —So3—Su+Se) (Sss+Sas == 28za) 


(b) SymmetricAL H-PLANE Four-PortT JUNCTION F; SYMMETRY PLANE 


fis ge O..>0 sia Oi. 050 
Meme 0. A ole opel eae a, 1 
Bec 0! tec 0 Boe / 5 DADs 2040 
Ome tee OnaeO 0 0) Fie 1 
Su Se Si Su | 2Cu /2 (Cis teu) 2C2 V2(Cis—Cu) 
Sic Soo Ses Sas |V2(Cisteu) (Css+ Cast ces) V/2(Costen) (Czs—Cu) 
Natural Basis “ Sis Ses S33 Ss4 | ad 2Ci2 a/2(Cos+Co) 2Co» 4/2(Co3— Coa) 
Su Se S34 Sa V2(Ci—cu) (Cas— Cu) V2(Coa—er4) (Cast Cu—2Cas) 
, > eS 
Cu Cw Cis cu 28u 281s V2(8u+Su) fie sa 
Cr2 Coo Cos C24 _ 3 [25 25a 2G Su) paar? 
Transformed Basis Sr, = Crp Cra Cra’ Cre Sry=4 V2(Si2+S8u) V2(S2st+Sss) (S22t+Sus+25x) (So2—Sas) 
Gia nwtue cue Cu V/2(S2—-Su)  /2(S2— Su) (S2—Su) (Soo + Su — 282) 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


October 


440 
TaBLeE III ; 
(c) SYMMETRICAL RECIPROCAL H-PLANE Four-Port JUNCTION Re ROTATIONAL SyMMETRY (ConrT’D) 
@ @ 1 a ( 1 
R= lo @ @ 4 te wily 0 
medi sOs OL. 0 pia 2 
Ole tee Oe) 
Su Siz Sis el (Gu+Gss—2g13) (Gi2—Gast+-gus— 23) (Gur —Gza) (Gi2+Gas— S14 — 823) 
RT Bak ne Siz S22 S23 Soa soa? (Gre—Gaet+- 814 — £23) (Gro +Gas+2g04) (Gi2t+Gsstgutge3) (Goo—Gus) 
et a Scame SscueSas | * | (Gu—Gs) (Gi2tGost+gutges) (GutGsst2g13) (Gi2—Gaa— S14 +823) 
Sia Soe Sea Sas (GietGos—gus— 823)  (Go2—-Gua) (Gi2o—Gai—S1at-823) (GootGas—2g04) 
Gu Gu gis fu (Sut833+ 2813) (Siz+$ut+S2+$8x) (S2:—Su) (S12—S14 +823 — 834) 
Ee rnad Bask eee Giz Goo gos 824 coupe) (Si2+S2t+SutSs)  (S22+Sse-+2524) (Ses—Si2—Sut+Sex) (Se2—Sas) 
ea en ye; Gss Gas Fa * | (S:s—Su) (Sos—S11—Si2 +834) (Su t+Ss3— 2813) (Su—Si2) 
gu gos Goa Gas ((Siz—Sis+$23—S34) (S22 —Sus) (S1u— Siz) (Se2+Se4— 2824) | 
(d) SymMetricaL H-PLANE Four-Port JUNCTION R:; ROTATIONAL SYMMETRY 
Cee Oe Onenel (i at 
= {oo One m0) pe i 1-j -1 jg 
Se loeriiwo 2.6 oye a ag ae 
ye EG dues 
Su = 2[6n + &33 + @24 + e42 + 2(er2 + e13 + e14 + €93 + e32) + 29] 
Siz = [Eu — 33 — j (ea — ex2) + (1 +9) (E12 — e283) + (1 — j) (eu — 2) | 
é Sis = 4[8 + E33 — (€24 + €42) + ers — 2822 | 
i rs a x Su = [Sn — &s — J (G2 — €24) + (1 +7) (Era — e32) + (1 — A) (Ex — €23) | 
Ngiuee Bask roi i ‘ ty % Soo = 3(8u + &33 — (€2s + e2) — J2(eu — 12 + €32 — €23) — Zerg + 282 | 
Si rs i i Ses = $[8 — S33 — jee — ex) + (1 +9) (ex2 — es) + (1 — 7) (e23 — é12) | 
ve : ie a Soa = aten + &3s + e204 + €42 — 2e4 — 28s] 
Sas = [81 + &ss + en + e12 + 2(ers — era — era — €23 — 2) + 2822] 
Sea = 3[8u — &33 — jes — e42) + (1 + j) (exs — e12) + (1 — 7) (es2 — e12) | 
Sas = ratan + 833 — (€24 + e412) — j2(e12 — eu + €23 — es3) — 2eis + 2e5) 
pe eo a ee 
Su = 3[Su + See + S33 + Suu + 2(Si2 + Sis + Sig + Sos + Sou + Sid 
ei = 2 [Su — Sea — j(Se2 — Su) + (1 — 9) (Sn —Sas) + (1 +9) (Sue — Sea) | 
eis = 3[Su + Ssa — (Sex + Su) + 2(Sis — Sx)] 
6n iS €i3 14 eu = [Su — S33 — j(Saa — Soe) + (1 +7) (Si2 — S34) + (1 —j)(Su— Sos) | 
Drontcrned Bost See éi2 Soo e293 ag S22 = 3[Su + Soe + Sis + Su — 2(Sis + Sox) ] 
ee eas = 4[Su — Sea — j(Sen — Su) + (1 +9) (Sos — Su) + 1 — (Gu — Su)] 
614 €24 ga Sw 


ex = $[Su + Sas — (See + Su) — j2(Su — Sar — Sip + Ss) :2(Sie—= Sia) | 
ee = [Su — Sas — j(Sua — Sia) + (1 +7)(Sua — Siz) + (1 — 7) (Ses — Su)] 
E33 = [Su + Soe + S33 + Su + 2(Sig — Su — Su — Sa Sy — Su)] 

eee = E[Su + Ss — (Ses + Su) — 72(St2 — Soa — Siu + Sux) + 2(Sea — Su) 


5 


Fi 


Ph 


1959 
Asymmetry parameters associated with F,, Table 
III (a): 
Gy = 3a(p* 71) 
dis = 2Y(p? + 1) 
a23 = 27(p? a) 


do, = Za(p? — 1). (61) 
Asymmetry parameters associated with Fy: 

Cig = 9p. 1) 

Bie = 7(p* = 1) 

bos = 2 (p? = 1) 

bes = — 2a(p? oa 1) (62) 
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Asymmetry parameters associated with R:, Table 


Litteye 


£13 = £23 = £14 = oa = Oz (63) 


Thus, the coupler, the scattering matrix of which had 
the form (60), has a symmetry (or asymmetry) equiva- 
lent to that shown in Fig. 4. For example, if 


] 
p = exp (- | ar —), 
J ve 


then the matrix (60) corresponds to that of a coupler 
which is perfectly symmetrical except for lengths of guide 
] indicated in Fig. 4. The implications as regard dimen- 
sional checks or compensating cuts to be made on the 
component are evident. 


(64) 


Orthogonality Relationships for Waveguides and Cavities 
with Inhomogeneous Anisotropic Media* 
ALFRED T. VILLENEUVET 


Summary—A modified reciprocity theorem forms the basis of de- 
velopment of orthogonality relationships for modes in waveguides 
and in cavities containing inhomogeneous, anisotropic media. In the 
lossless case certain of these may be interpreted in terms of power 
flow and energy storage. The special case of magnetized gyrotropic 
media is discussed for longitudinal and transverse magnetization. 


INTRODUCTION 


ECENTLY the use of anisotropic materials has 
R been the subject of numerous theoretical and ex- 
perimental investigations.‘ Such materials are 
characterized in their macroscopic behavior by tensor 
permittivities or permeabilities. When these tensors are 
unsymmetric, the media may be termed “nonreciprocal” 
since the usual reciprocity theorem? does not apply to 
them. This nonreciprocal behavior finds applications in 
such devices as circulators, gyrators, load isolators and 
nonreciprocal phase shifters.’ 
One important special class of nonreciprocal media 
is that known as gyrotropic media, wherein application 


* Manuscript received by the PGMTT, March 10, 1959; revised 
manuscript received April 18, 1959. This work was supported by the 
Office of Ordnance Research, U. S. Army, Contract No. DA-30-115- 
ORD-861. : : 

+ Hughes Res. and Dev. Lab., Culver City, Calif. 

1 A complete list of references is impractical here and any attempt 
at making specific references would be difficult. For extensive lists of 
references the reader is referred to Proc. IRF, vol. 44, pp. 1229-1516; 
October, 1956. ‘ 

2S, A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand 
Co., Inc., New York, N. Y., ist ed., p. 478; 1943. . 

3C. L. Hogan, “The elements of non-reciprocal microwave de- 
vices,” Proc. IRE, vol. 44, pp. 1345-1368; October, 1956. 


of a dc magnetic field causes the permittivity or per- 
meability (hereafter referred to as constitutive param- 
eters) to become an unsymmetric tensor. Two exam- 
ples are gaseous plasma and ferromagnetic materials, 
especially low loss, magnetically-saturated ferrites. 

Although the usual reciprocity theorem is not valid, 
a modified reciprocity theorem‘ does apply to aniso- 
tropic media. In this theorem, media characterized by 
transposed tensor constitutive parameters are employed 
in addition to the original media. In this paper, the mod- 
ified reciprocity theorem forms a basis for the derivation 
of orthogonality relationships for modes in waveguides 
and cavities containing inhomogeneous, anisotropic 
media. 

Let us denote the general form of the constitutive 
parameters in orthogonal coordinate systems as 


Gigl CN ile Be Mi2 bis 
le] = | 12 €22 €28 [u] = ee Hoo mas |. (1) 
€1g €23 €33 fiz flea a3 


In this notation the careted symbols, €,; and f;;, are the 
elements in the 7th row and jth column of the constitu- 
tive parameter tensors for media characterized by the 
transposes of the above tensors. These media shall be 
referred to as “transposed media.” In the case of gyro- 
tropic media this has physical significance, since revers- 


4. F. Harrington and A. T. Villeneuve, “Reciprocity relation- 
ships for gyrotropic media,” IRE TRANS. ON MicrowAVE THEORY 
AND TECHNIQUES, vol. MTT-6, pp. 308-310; July, 1958. 
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ing the dc magnetic field transposes these tensors. Field 
quantities in the transposed media will be denoted by 
carets and a transposed tensor indicated by a tilde. Our 
discussion is based on the following form of the modified 
reciprocity theorem* 


Fria, x E, — Hy X E,)-dS 


eH fi | oF, — Ko 2h) = Oy B, — Rett Jar 


A second relation, similarly derived, which holds only 
for the lossless case and which will also be used sub- 


sequently is 
fp." x Ey + Hs X E.*)-dS 
= [ff 7a + Kot We + To Bot + Ky Teta (3) 


J and K are electric and magnetic source currents. 


GENERAL PROPERTIES OF MODES 
IN CYLINDRICAL GUIDES 


In the following sections orthogonality relationships 
for modes in waveguides containing inhomogeneous an- 
isotropic media will be discussed. For this discussion it is 
useful to have some knowledge of general relationships 
among the mode fields in the original media and in the 
transposed media. This section is devoted to a study of 
the field equations for such structures so that these re- 
lationships may be investigated. 

Let the fields of the various modes be denoted as fol- 
lows 


Ej= E6077, Ha = Hae~??. 


(4) 


Here it has been assumed that the guide axis is parallel 
to the zg axis and that the structure is uniform; 2.e., its 
material and electrical properties are independent of z 
(see Fig. 1). These will be referred to as “exponential 


Fig. 1—Section of guide containing inhomogeneous 
anisotropic media. 


modes” hereafter. The ya represent modes traveling or 
attenuating in either direction, depending on sign. Be- 
fore proceeding it is convenient to express the constitu- 
tive parameter tensors in a form more suitable to cylin- 
drical structures as follows: 


IRE TRANSACTIONS ON MICROWAVE THEORY AND 


TECHNIQUES October 
2 | 
a Ki oe “lee a oH 
lu] = Laie take rae 
fis fos | Mss 
| 
a €12 | €13 e eee oA (Sb) 
hs) Sse Eee ee are 
€13 €93 | €33 


In these, the elements of the sub-matrices are those of 
the corresponding partitioned sections. In this notation 
the field equations become 


~Vi X Ear = jolAee|Har + joluse] esas (6a) 
te X (yabat + Vi&az) = Jolmre]5Cae + jo[uee]@5Caz, (6b) 
Vi X Rat = jul éor]Eat + jules |#8a2, (6c) 
— the X (yaar + ViKaz) = joler|Sae + jolerr|a8a2. (6d) 


where 6a: = a — %&az, etc. The differential operators may 
be considered identical with the usual three dimensional 
operators, since & and & are independent of z. The sub- 
script ¢ on them arises from convention. The boundary 
conditions at the guide walls are 


—AX RH, = [y]&a (7) 


where # is an outward normal and [y] is a tensor ad- 
mittance. In the transposed media the field equations 
take the form 


—V:i X en = joo[ftar|5oe s jo[poz|t25Co2 (8a) 
le X (9.80 + VE) = joo ttre |e + jw[As|a.5s., (8b) 
Vix Hae = jolZae]En: + jw[ecs|%8., (8c) 

— the X (Foe + Vion) = jolE ules + jolerr]a-8r., (8d) 

subject to the boundary condition 


—n X HK = ly]E, (9) 
at the walls. 

In ref. 4 it is shown that for every ya in the original 
media there exists in the transposed media a propaga- 
tion 1 constant 7.= —~a, with fields which will be denoted 
8a, Ia. In the general lossy case, there appears to be no 
simple relation between the fields corresponding to Yq in 
the original media and those corresponding to —Ya in 
the transposed media. However, in the lossless case, the 
following relations hold for the tensor permeability and 
permittivity® 


[2x] = [a2:*], [ais] = [wie*], [ues ee [u2.*], (10) 


and, for traveling modes, —ya=7a*. Thus, with the re- 
lationships 


— 


} f= +&* and 5, = F 5%, (11) 
the field of (8) in the transposed media become the com- 
plex conjugates of those of (6) in the original media. 
Either pair of signs may be selected, and, for conven- 


ience, the upper pair will be used in subsequent develop- 


* This may be seen from energy considerations. 
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ments. The boundary conditions on the fields are satis- 
fied by this since, for the lossless case, 


Ly] = 5[]. 


Thus, it is seen that in the lossless case, for every travel- 
ing mode in the original media characterized by &,, JC 
and ya, there exists in the transposed media a travel- 
ing mode characterized by &= a*, t= —35,* and 
Va=Ya" = —Ya. In the case of evanescent modes in loss- 
less media, Ya* =a and the fields characterized by ya 
and —y., are no longer simply related. 


(12) 


A pplication to Gyrotropic Media 


Because of their useful properties, two special orien- 
tations of dc magnetization are commonly employed in 
nonreciprocal devices containing gyrotropic media. 
These are the cases of purely longitudinal and purely 
transverse dc magnetization. The longitudinal case will 
be considered first. The tensor permeability and permit- 
tivity now assume the form 


jee ] nO 
[lu] =| je x ae Settee ee Val 5 il hs) 
0 QO «nga 0 0.- J 
and it is evident that 
[24] 7a [eo] <T 0] 
[for] = [€xe] = [0]. (14) 


Under these conditions, the equations in (6) assume the 
simplified forms 


—V, X Eat = JopotteH az (15a) 

tle X (Yabut + ViSaz) = joluse| Har, (15b) 
Vi X WC [oles i.Se., (15c) 

— Hh, XAyoat + Viloe) = fooler: |Sor- (15d) 


These are the equations of a field characterized by ye 
Gaz, Sat, Baz, Ya. However, substitution into Maxwell’s 
equations shows that a field characterized by &a:, — &az, 
— a1, Haz and —7a also satisfies the equations (15). 
Examination of boundary conditions shows that they 
also are satisfied, and the above field is then a possible 
field in the untransposed media. Thus, when the dc mag- 
netization is purely longitudinal (the anisotropy purely 
transverse) both +7. and —vy. are eigenvalues of Max- 
well’s equations. 


The Case of Transverse Magnetization 


If the dc magnetization is purely transverse, other 
properties of the fields become evident. For this case, 
the permeability and permittivity tensors assume the 
forms 


lp 
Mil ve 13 -( [url iu (16a) 
aE Rie ee clas te on oes a ea 
—13 Pes | M33 
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Examination of (6) and (8) shows that, in this case, cor- 
responding to the eigenvalue Ya, the fields in the original 
media and the transposed media are related by 


1) 


— 


~ Gaz) ee = Oe 


~ 


i Gat, a: = 


or) 


Kaz = Sanz, ve Se i 


(17) 


This may be thought of as a modified reflectional sym- 
metry relating the original field to the transposed field. 
This relation, in conjunction with (11) in the lossless 
case, leads to 


sey = eye 

Ear = Eat* 

Ka = To, 

Saat anestoee: (18) 


These equations state that the transverse field com- 
ponents are real and the longitudinal components are 
imaginary. This means that, when the dc magnetization 
1s purely transverse, and no loss is present, it is always 
possible to express the fields in terms of modes whose trans- 
verse fields are linearly polarized. 

The results of this section will be applied to simplify 
certain of the orthogonality relations to be examined. 


ORTHOGONALITY RELATIONSHIPS FOR 
CYLINDRICAL GUIDES 


In the study of natural modes in closed cylindrical 
waveguides containing homogeneous isotropic media, it 
is found that the transverse and longitudinal field com- 
ponents satisfy certain orthogonality relationships.® 
Two general types of orthogonality may be considered; 
those involving vector products of electric and mag- 
netic fields of the various modes, and those involving 
scalar products of the various mode fields. These or- 
thogonality relationships may be summarized as 


ii (Eri X Rar) dS = 0 
ood 50,,*) dS = 0 ies 
{al (Eve x at = re 2 at : 
inf Bribes = ff Bor Baas Ah &,- 8,05 
a fuh Be pedcaras. = hal) 5p TCardS: = In 5p: Fad S = 0 


(19c) 


Y= ots Ya (19a) 


(19b) 


Yo a os Ya: 


6 N. Marcuvitz, “Waveguide Handbook,” Rad. Lab. Ser. McGraw 
Hill Book Co., Inc., New York, N. Y., vol. 10, 1st ed., p. 5; 1951. 
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and finally, 


in CrGaao) = { if oe Staal) = ff G,end Ss) 
8 J 8 s 
= f i TOGO de = i { Big Sar GS 
= == Yb # Ya 
— ff Ape Cat ao = 0, 


yo % + ya". (19d) 
The integrations are performed over guide cross sec- 
tions. Adler’ refers to the first two expressions as “power 
orthogonality” and to the second two groups as “energy 
orthogonality.” The power orthogonality relationships 
may be derived from the usual! reciprocity relationships 
for isotropic media. The energy relationships appear to 
result from the fact that in guides containing homogene- 
ous, isotropic media both &, and 8, are solutions of the 
same scalar Helmholtz equation and satisfy certain 
boundary conditions at the walls. 


Ife 


General Orthogonality Relationships for Inhomogeneous 
Anisotropic Guides 


When the guides contain inhomogeneous, isotropic 
media, the longitudinal field components no longer 
satisfy the scalar Helmholtz equation and the energy 
orthogonality relationships no longer hold in general.® 
However, the orthogonality relationship (19a) still 
holds as a result of reciprocity and reflectional sym- 
metry. Eq. (19b) also holds in the lossless case. If, how- 
ever, the media are also anisotropic, even the power or- 
thogonality relationships must be modified. This is be- 
cause the usual reciprocity no longer applies and the re- 
flectional symmetry of the arrangement is usually lost. 
In this case, the modified reciprocity theorem forms the 
basis of the development. One may begin by considering 
a source-free region of closed cylindrical guide contain- 
ing anisotropic media. All material and electrical proper- 
ties are assumed to be independent of the longitudinal 
coordinate, which is chosen as z. The situation is as 
shown in Fig. 2. Under these conditions (2) becomes 


Kx 


Fig, 2, 


7R. B. Adler, “Properties of Guided Waves on Inhomogeneous 
Cylindrical Structures,” Res. Lab. of Elec., Mass. Inst. Tech., Cam- 
bridge, Tech. Rep. No. 102, pp. 28-29; May 27, 1949, 

8 [bid., pp. 12 and 29. 
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(20) 


=) 


Ff (Hs x Ex — He X Bs) dS = 0. 


The subscripts refer to possible waveguide modes, and 
the surface of integration is composed of the guide walls 
and the two cross sections of guide. dS is in the direction 
of the outward normal #. Let the guide walls be tensor 
admittance sheets such that 


—AX R= 
—AX KR, = 


(21a) 
(21b) 


Ly] 
[y]&. 


For the purposes of this paper the tensor [y] will be 
restricted to the form 


Vitis 2 0 
[yi] [0] 
= 12 Y22 0 = : pes 
pi=| mm] 0 )=[ Tg pal 
0 O Vaz 


where the division is similar to that of [u] and [e] 
above. This form is chosen because it leads to symmet- 
rical expressions and is sufficiently general for most pur- 
poses.2 Under these circumstances, for exponential 
modes, (20) may be reduced to’? 


ff Gon DS Ge = bees OK Sep dS = Nv642,-1. (23) 


where Nz is a normalization constant and 46,; is the 
Kronecker delta. The integration is over the guide cross 
section. 

In the lossless case (3), can through an analogous pro- 
cedure, be put into the following form: 


f if (Hy# X Bar + Kar X En*)-dS = Mader, (24) 


where the guide walls are represented by a Jossless sym- 
metric tensor admittance of the same form as in (22). 
It may be seen from (11) that for traveling modes in 
lossless guide M,= — N,. It should be pointed out, how- 
ever, that (24) is valid for both traveling and evanescent 
modes. 

Eqs. (23) and (24) are the generalized power orthog- 
onality relationships which hold for guides containing 
media characterized by tensor permeabilities or per- 
mittivities and subject to the appropriate boundary con- 
ditions. 


Series Expansion of Fields 


Through use of (23) it is possible to expand an arbi- 
trary transverse field in terms of the transverse fields 
of exponential modes, assuming that these transverse 
fields form a complete set. The completeness, however, 
will not be discussed here. Under this assumption, an 


* Ibid., pp. 16-17. 

10 This expression and a similar one for purely transverse aniso- 
tropy have been obtained by Bresler, Joshi and Marcuvitz from the 
point of view of the theory of linear operators rather than reciprocity. 
AyD Bresler, G, H. Joshi, N. Marcuvitz, “Orthogonality Properties 
for Modes in Passive and Active Uniform Wave Guides,” J. Appl. 
Phys., vol. 29, pp. 794-798; May, 1958. . 
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arbitrary transverse field may be expressed in series 
form as 


ow = ye Area 5C; —- 2 A Rni. (25) 
On forming the vector products 3m:X&, and I, XEme, 
subtracting and integrating over the guide cross section, 
one gets 


ff (Hm X Ey — Hr X Ex) dS 


A ea 5) 26 
N,. (26) 


where it has been assumed that the order of summation 
and integration may be interchanged. Thus, the co- 
efficients of the expansion are determined. 


Power Flow Relationships 


Eq. (24) may be interpreted in terms of power flow 
in the guide. This may be seen by considering two dis- 
tinct modes existing simultaneously in a closed guide. 
On forming the vector product of F and H and integrat- 
ing the longitudinal component over the guide cross sec- 
tion, one arrives at the following result. The net real 
power transmitted down a lossless guide is the algebraic 
sum of the power carried by the individual modes. The 
same conclusion may not be drawn about the reactive 
power, however. 

For the general case, (23) and (24) appear to be 
the only readily available orthogonality expressions. 
Due to lack of symmetry of [u] and [e], there seems to 
be no way of reducing them to single cross products as 
in the isotropic case. In special cases; é.g., in gyrotropic 
media for special orientations of the dc magnetic field, 
the tensor properties discussed above provide some addi- 
tional relationships. These are discussed in the following 
sections. 


Longitudinal Magnetization of Gyrotropic Media 


It was pointed out above that, for longitudinal dc 
magnetization of gyrotropic media, both ya and —‘7a 
are eigenvalues of Maxwell’s equations in cylindrical 
guides and reflectional symmetry exists. Through use of 
these properties, (23) may be further simplified since 
one then has the pair of relationships 


ipl (5, x ey = BCs x Ene) d = N04,,-va (27a) 
and 


: inf (Here X Ser + Har X SON = 0. (27b) 


Together, these yield the simple orthogonality relation- 
ship 


ii (Hoe X Ba) -dS 


lies ff CA x Ein) bp Se £N20%>,470: (28) 
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In the lossless case, (24) leads to the relationship 


JJ GC tes ad) 


s if J (Hat X Eve) dS = $Midvt47e. (29) 


This last equation may be interpreted in terms of power 
flow as follows. The net complex power transmitted down 
a lossless guide whose anisotropy is purely transverse is 
the algebraic sum of the complex powers of the individual 
modes. This statement is more specific than could be 
made for the general case, since it now includes the re- 
active power. The general case included only the real 
power. 


Transverse Magnetization of Gyrotropic Media 


In view of the relationship between fields in the orig- 
inal and in the transposed media for transverse mag- 
netization, the power orthogonality relationship (23) 
may be rewritten as 


{i f [3C5: X Soe + Tar X Sne|-dS = — Nid%,-1e. (30) 


This special case involves the fields in only the original 
media. 


Energy Type Relationships 


Through use of the field equations (6) and (8) and the 
application of various vector identities, it is possible to 
rewrite the preceding power orthogonality relationships 
in various other forms. Under certain conditions in the 
lossless case, these may be interpreted in terms of stored 
energy. The details are long and involved and again, 
only results are presented here for the special case of 
purely transverse anisotropy." In this special case, the 
form of [wu] and [e] make it possible to derive the rela- 
tionship 


if J G-[e]-E + Hs [las 


1 
ae 


5 ry [y]&adl a 0, 
Jos c 


(31) 


all 43, Ya- 


Here C is the perimeter of the guide cross section. In the 
lossless case, one gets the corresponding relationship 


a 4 Ao7e as Bs 
i { &s*-[dBaas + — &*- [b|E.dl 
8 (6) ‘C 
= f f Bot [ujseeds, all wre. 82) 


This equation may be interpreted in terms of mutual 
time-average electric and magnetic energies of two 


1 For details see in A. T. Villeneuve, “A study of Reciprocity 
Relationships For Gyrotropic Media,” Res. Inst., Syracuse Univer- 
sity, Syracuse, N. Y., Final Rept. No. EE509-589F; September, 

8. 
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modes, if one interprets the integral over C as the elec- 
tric energy stored in the guide walls per unit length. 
With this interpretation, (32) states that the mutual 
time average stored electric and magnetic energies of two 
modes are equal. 

From the foregoing, it is evident that when cylindrical 
guides contain inhomogeneous, anisotropic media, most 
of the usual orthogonality relationships are lost. Only 
a modified power orthogonality relationship remains in 
general. The energy orthogonality relationships are de- 
stroyed. However, when the anisotropy is purely trans- 
verse, the orthogonality relationships are similar to 
those which exist for the inhomogeneous, isotropic case. 


Orthogonality Relationships for Closed Cavities 


Next, orthogonality relationships for closed cavities 


containing inhomogeneous anisotropic media will be in- . 


vestigated. Consider such a closed cavity with perfectly 
conducting walls as in Fig. 3. 


HP 


Ss 


Fig. 3—Cavity with inhomogeneous anistropic media. 


The usual orthogonality relationships among the 
modes” do not hold, except, possibly, in special cases. 
However, modified orthogonality relationships do exist. 
It has been demonstrated from the modified reciprocity 
theorem that the natural resonant frequencies of such a 
cavity are identical in both the transposed and the orig- 
inal media.’ This forms the basis of the modified or- 
thogonality conditions as follows. In the original cavity 
there exists a set of natural modes characterized by 
E;, H; and w;, where w;=w;'—jw,’’ in general. In the 
cavity with media transposed (transposed cavity), one 
has modes characterized by £,, H; and w;. Note that the 
w; are the same in both cases. The fields in the original 
cavity satisfy the equations 


a it = jos|ul A; (33a) 

V X A; = jox[elE; (33b) 

VX [uJ“V X E, = wo? (JE, (34a) 
VX [e]-1V < A; = w?[ul] A; (34b) 


® G. Toraldo di Francia, “Electromagnetic Waves,” Interscience 
Publishers, Inc., New York, N. Y., 1st ed., D7 o030 1955: 
* R. F. Harrington and A, T. Villeneuve, op. cit. 
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subject to the boundary condition that the tangential 
component of E; vanish at the walls. Similar equations 
are satisfied by E; and H; in the transposed case except 
that the tensor constitutive parameters are transposed. 

In order to study the orthogonality relationships, one 
may proceed as follows. First, form the volume integral 
over the cavity 


a (En-V X [ulV X E, — 


E,-V X [z]V X En)dv. (35) 


By the use of vector identities, the divergence theorem, 
and (33) and (34), for both the original and transposed 
media and boundary conditions on £, one arrives at the 
orthogonality relationship 


f f f EolelBay So, 


where the fields have been normalized and 6dmn is the 
Kronecker delta. Through a similar procedure, one may 
also arrive at the result 


— ff Be tlFaae Mey Ue 


the H, being automatically normalized when the E,, 
are normalized. In the lossless case, these reduce to 


ii f f En*-[¢]Endo = ar if f Hy*-[u)Hndv = 8mm. (38) 


Eq. (38) shows that in closed cavities containing lossless 
anisotropic media, the total electric or magnetic energy is 
the sum of the energies of the individual modes with no 
coupling terms between modes. However, when loss is 
present, the above expressions do not necessarily hold 
and some mutual energy terms may be present. 

It may be seen from the foregoing that orthogonality 
relationships for perfectly conducting cavities contain- 
ing inhomogeneous anisotropic media are quite similar 
to those for isotropic media except that fields in the 
transposed cavity must be used in addition to those in 
the original cavity. Only in the lossless case can energy 
interpretations be given to these relationships, for in 
this case the fields in the original and in the transposed 
media are simply related. 


(36) 


(37) 
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Mismatch Errors in Cascade-Connected 


Variable Attenuators* 
G. E. SCHAFER anp A. Y. RUMFELTtT 


Summary—The treatment of mismatch errors is extended to 
cover variable attenuators cascade-connected in a system which is 
not free from reflections. The method of analysis is applicable to any 
number of cascaded attenuators, but only the analysis of two and 
three variable attenuators in cascade is presented. Graphs are given 
to aid in estimating the limits of mismatch error. 

In an example, which is considered representative of rigid rec- 
tangular waveguide systems, the limits of error are: for two attenu- 
ators in cascade, 0.19 db in a 3-db measurement, and 0.17 db in a 
40-db measurement; and for three attenuators in cascade, 0.25 db 
in a 40-db measurement, and 0.23 db in a 75-db measurement. 


INTRODUCTION 
Perea in attenuation caused by the interaction 


of reflections from generator, attenuator, and load 
mismatches are termed mismatch errors. Previ- 

ous treatments of mismatch errors have considered vari- 
able or fixed single attenuators in systems with reflec- 
tions!? and cascaded fixed attenuators in reflection- 
free systems.’ In cases where the variable attenuator 
to be calibrated has a very wide range (greater than 45 
db), measurements are often made by using one or two 
previously calibrated attenuators cascade-connected 
with the test attenuator (a direct series substitution 
method). Therefore, the analysis is extended to cas- 
caded variable attenuators in a system which is not free 
from reflections. Although the method of analysis em- 
ployed is applicable to any number of variable attenu- 
ators in cascade, only the cases of two or three variable 
attenuators in cascade are presented. Graphs are pre- 
sented which may be used to estimate the limits of mis- 
match error in these two cases. An example is given of 
the use of the graphs. Other sources of error such as the 
accuracy of the original calibrations, leakage, noise, etc., 
are not considered here but must be taken into account 
’ to obtain total limits of error in an actual calibration. 


THEORY 


In a direct series-substitution method of measuring 
the attenuation! of a variable attenuator, the test at- 
tenuator is connected in series with a reference (previ- 


* Manuscript received by the PGMTT, May 4, 1959; revised 
manuscript received, June 17, 1959. 

+ U. S. Dept. of Commerce, Natl. Bur. Standards, Boulder 
Labs., Boulder, Colo. 

1 R. W. Beatty, “Mismatch errors in the measurement of ultra- 
high frequency and microwave variable attenuators,” J. Research 
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- to eliminate the reflections in the system, and then one measures 
the insertion loss. 


ously calibrated or standard) attenuator. The total in- 
sertion loss of the series-connected pair of attenuators 
is adjusted to be the same at two different settings. The 
relative attenuation of the test attenuator is taken to be 
equal in magnitude to the relative attenuation of the 
reference attenuator. This is in error because the stand- 
ard attenuator is connected to a mismatched attenu- 
ator, and also because the pair of attenuators are in- 
serted in a mismatched system. 

An expression can be derived for the insertion loss of 
the pair of attenuators connected in cascade. From this, 
an expression may be written for the difference between 
the total insertion loss and the sum of the individual at- 
tenuations. Inspection of this reveals that the error can 
be separated into two convenient parts. One of these has 
been previously worked out? in detail for fixed attenu- 
ators and is readily extended to variable attenuators, 
and the other is evaluated here by calculation of certain 
quantities associated with the combination of attenu- 
ators. This separation is performed in the following 
analysis. 

At the initial settings of the attenuators, one may 
write the total insertion loss as 


L; = Ate t+ Ari + 6, (1) 


where L; is the total insertion loss at the initial settings 
of the attenuators, A;; and A,; are the attenuations of 
the test and reference attenuators at the initial settings, 
and ¢; is the difference between the insertion loss of the 
pair in cascade and the sum of the individual attenua- 
tions. At the final settings of the attenuators, a similar 
expression for the total insertion loss may be written as 


Ly = Ayt Ay t+, (2) 


where the symbols have the same meaning as in (1) ex- 
cept that the subscript f refers to the final settings. The 
adjustments of the attenuators are made in this way to 
result in the initial and final total insertion losses being 
equal, L;=L,, from which ? 


(Ay — Au) = (Ari — Any) + er, (3) 


where er has been written for e;—e. This means that 
the relative attenuation of the test attenuator may dif- 
fer from the relative attenuation of the reference at- 
tenuator by er. This is the desired error. However, a 
convenient separation may be made as follows. Rewrite 
(3) as 


(Ay 4. Ays) a (Ati - A,i) sas aS (4) 


Let A;and A; be the attenuation at the initial and final 
settings, respectively, of the combination of series-con- 
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nected attenuators considered as a single attenuator 
(called the combination attenuator in the remainder 
of the paper). These may differ from the sums of the 
individual attenuations by €.; and €.;, respectively, and 
therefore one may write 


Ay = Ay + Ang + eof (S) 
Ay Aut Ay tanecss (6) 


Substituting (5) and (6) into (4) yields 
A; — A;te= eT, (7) 


where €2 has been written for €,;—¢€.7. The component €2 
of the mismatch error is the difference between the at- 
tenuation of the combination attenuator and the sums 
of the attenuations of the individual attenuators. This 
component may be evaluated by an extension of the re- 
sults of Ref. 3 to include the case of variable attenuators 
connected in cascade, and may be written as 


1 = O54, OSi0! 
° . b 
1 ae (9 41/7 OS'o9" ‘ 


é2 = 20 logio (8) 


where the front superscripts (z) and (f) refer to the initial 

and final values, respectively; the primed S’s are ele- 

ments of the scattering matrices® of the individual at- 

tenuators, and the number of primes indicate the posi- 

tion of the attenuator as counted from the generator. 
Eq. (7) may be written as 


Ay — Ay; =er — & = &. (9) 


This form is equivalent to considering the combination 
attenuator as a single attenuator at two different at- 
tenuation settings, and e can therefore be evaluated as 
the mismatch error in a relative attenuation measure- 
ment with a single attenuator. This component of mis- 
match error has been treated by Beatty! and for this 
application may be written as 


(1 = MTT ,) (1 — OS ooI'r) 


PEI Togs Vee ae eR a ate Te 
; 2! = OPP) — Sala) 


where the front superscripts (2) and (f) refer to the initial 
and final values, respectively, and where I is the input 
reflection coefficient of the combination attenuator when 
terminated with an equivalent detector having a re- 
flection coefficient [';. Also, Ig is the reflection coeffi- 


Ty=Sy/+ 
and 


Soo = S92" =f 
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smaller limits of mismatch error than the addition of the 
separate limits of mismatch error for attenuation at the 
initial and final settings. 

The total error in cascading variable® attenuators in 
a mismatched system is then ¢:+€2,, where « is the error 
caused by interactions of reflections from the generator, 
combination attenuator, and the load, and e is the 
error caused by interactions of reflections from the indi- 
vidual attenuators. 

The scattering matrix of the combination attenuator 
is used to evaluate the component € of the mismatch 
error according to (10). This is readily obtained in terms 
of the scattering matrices of the individual attenuators 
through use of the T matrices.’ The T matrix for a com- 
bination of ” cascade-connected attenuators may be 
written as 


k=1 
ie) i ees 


k=n 


(11) 


where the 7; are the matrices for the individual at- 
tenuators. This T matrix is the inverse of the A matrix 
used in Ref. 3. The scattering matrix, S, for the two-arm 
junction is related to the T matrix as follows: 


1 | Sis? —S22S11 See 
S12 | —S$11 1 


—T-1 
1 Ti2 


ang of = are 3) 


when reciprocity in the form S,,=S gp is assumed. The 
necessary characteristics of the combination of attenu- 
ators needed to evaluate the error by (10) are T, and 
Sx. These may be obtained by use of (11) and (12), and 
the expression 


(S12) 74511” [(1 — Sa2!Sia!”) (1 —Soe!’T'z) — Soo! (S12!"")?P 2] +S 11” (S12!) 2(1 — Seq’) + (Sis!”)(Si2!”")?Ez} 


ST 
Dive Bipinde ee (13) 
1 $4 Sool yz 
The results for two attenuators in cascade are 
(S AS: 1—S.."’T +(S 20S 97 2TT 
(10) a= Saa 7h ~ - - es / = Es “ (14) 
(1—So2 rra-Siy Soo )—Soee (Si2")?T', 
and 
S22’ S12")? 
A aw Ls) 
2 22 1 = S41'Siaa! ( ) 
and for three attenuators in cascade, they are 
(1—So0’’"T;) [(1 = $2051”) (1 —So2S1/”’) — Seo! (S12"”)2S41/""| = (Si2’”’)2T'[S20’"(1 = $'41/"S29’) +S 22! (S12"’)?] Ae) 
(S1a!””)?{ Sao! (St2!)? + Soa!(1 — Sir!’S22’)} 
(17) 


(1 tun S20 Sai’) (1 eae Sti oeas = Soo! Sur! (Sie!’)? 


cient of the equivalent generator, and Sy: is an element 
of the scattering matrix, S, of the combination attenu- 
ator. It should be recalled that this expression gives 


5 C. G. Montgomery, op. cit., Ch. 14. 


nn ane same analysis applies to cascaded-fixed, or a combination of 
and variable attenuators in a mismatched system b i 
appropriate forms of (8) and (10). Vee. wales es 


7 C.G. Montgomery, R. H. Dicke, and E. M. P ll, “Princi 
of Microwave Circuits,” Mass. Inst. Tech. Rad. ie ce Meee 
Hill Book Co., Inc., New York, N. Y., vol. 8, Ch. 5; 1948. 
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where the primed S’s are the scattering coefficients of 
the individual attenuators, where the number of primes 
indicates the position of the attenuator as counted from 
the generator end where I"; is the equivalent reflection 
coefficient of the detector, and where reciprocity in the 
form Spg= Sop has been assumed. 

Substitution of (14) and (15) into (10) gives the ex- 
pression for the component «& of the mismatch error for 
two variable attenuators in cascade. Similarly, substi- 
tution of (16) and (17) gives the corresponding expres- 
sion for the case of three variable attenuators in cascade. 

Assuming that the phases of the individual coefficients 
of (8) and (10) are not known and that they can have 
any possible value, the actual values of the error com- 
ponents cannot be determined, but limits may be 
found. Such a limit is a conservative figure, and a closer 
estimate of the actual error may be obtained if one de- 
termines the phases of the individual coefficients. The 
limits of €; and €, may be added to obtain limits of the 
mismatch error, er, since the phases of the coefficients 
in (8) and (10) can take on values so that each com- 
ponent of mismatch error is simultaneously at its maxi- 
mum possible value. 


GRAPHICAL PRESENTATION OF RESULTS 


One of the factors taken into consideration, in con- 
structing the graphs, was the ease of obtaining an esti- 
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mate of the limits of the mismatch error. For this pur- 
pose, certain assumptions to be discussed were made 
concerning the scattering coefficients of the attenuators. 
Since many commercially available attenuators have 
similar voltage-standing-wave ratio (VSWR) character- 
istics, it will become evident that these assumptions 
caused very little loss in the generality of application. 
The following equalities were assumed: 


[Su] = | Su”| = [Su] = | Sar’| 
= OER | = Saat (18) 
and 
| cates. So ioe (19) 


Furthermore, it was assumed that the phases of each 
coefficient in (14)—(17) and the Sy’s took on values at 
the initial and final settings of the attenuators which 
would give the maximum possible mismatch error (lim- 
its of mismatch error). This assumption yields a con- 
servative estimate of the mismatch error. 

The range of the limits of the mismatch error, €7, for 
two attenuators in cascade and for three attenuators in 
cascade are shown in Figs. 1 and 2, respectively. The 
sectors indicate how the limits of error vary with the 
number of decibels to be measured and with the VSWR 
of the attenuators for a number of specified equivalent 
generator and detector mismatches. Eq. (18) implies 
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that the VSWR corresponding to Su or Sz of the at- 
tenuators, which is the abscissa, has been assumed to be 
the same and equal for the input and output of each 
attenuator. Each sector is labeled with the appropriate 
values of the VSWR associated with the equivalent 
generator and detector reflection coefficients which were 
assumed to be equal in (19). The ordinates are the limits 
of mismatch error. These figures are presented to illus- 
trate the range of limits of mismatch error to be ex- 
pected in the assumed situations. 

Figs. 3-6 are a series of graphs of the limits of the 
component € of mismatch error for two attenuators in 
cascade with og (=az) of 1.01, 1.05, 1.10, and 1.15, re- 
spectively. og and o, are the VSWR’s associated with 
the equivalent generator and detector refiection coefh- 
cients, respectively. The VSWR’s used as the abscissas 
are the input and output VSWR’s of the variable at- 
tenuators. It is assumed that these VSWR’s are all 
equal. The parameter for the family of curves is the 
number of decibels to be measured by this technique. 

Figs. 7-10 are an equivalent series of graphs of the 
limits of the component « of the mismatch error for the 
case of three attenuators in cascade. These are appli- 
cable for measurements of attenuation of 40 db or more. 

Figs. 11 and 12 are graphs of the limits of the com- 
ponent €2 of the mismatch error for the cases of two and 
three attenuators in cascade. The abscissas are the 
VSWR’s of the attenuators. The limits of error in this 
case are independent of the load and generator mis- 
matches. For the case of three attenuators in cascade, 
Fig. 12 is constructed on the assumption that at least 20 
db attenuation is in the middle attenuator at one of the 
attenuation settings, either the initial or the final. 


USE OF THE GRAPHS 


In order to use the graphs of Figs. 3-12 to estimate 
the limit of error, one must know the VSWR’s of the 
attenuators and of the equivalent generator and de- 
tector, and the approximate number of decibels to be 
measured. For an example, consider a case where 1) 
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the equivalent generator and detector VSWR’s are 1.03 
and 1.04, respectively; 2) the three attenuators have 
input and output VSWR’s of 1.15 or less; and 3) the 


desired attenuation measurements are 3 db, 40 db, and | 


75 db, and the reference attenuators are calibrated up | 
to 40 db. The values of the generator and detector 


VSWR’s are used to determine which of the graphs of & 
is to be used. One selects the graph with the nearest 
available value of ¢¢(=a1) which is equal to, or greater 
than, the larger value of the actual load or generator 


VSWR. This will give a conservative estimate of the | 


limits of error. In this example, the actual VSWR’s of 


the generator and the detector are 1.03 and 1.04, re-_ 
spectively, and for the case of two attenuators in cas-_ 


cade, Fig. 4 would be selected, since it is constructed 
on the assumption that both of these are 1.05. Having 
selected the graph, the largest value of the VSWR at the 
input or output of the attenuators is the abscissa. Typ- 
ical commercially-available attenuators for rectangular 
waveguide systems have maximum VSWR of 1.15 over 
their entire frequency and attenuation ranges. For a 
conservative estimate, then, one could use an abscissa 
of 1.15 unless the actual values of the VSWR are known 
to be different. The value of « is different for different 
values of attenuation. For a 3-db measurement it has 
the value 0.11 db, and for a 40-db measurement it is 
0.09 db. Note that for measurements of attenuation of 
20 db or greater the component « of the limits of error 
does not change within the resolution of the graphs. 
One determines €, from Fig. 11, and it depends only 
on the VSWR’s of the attenuators, and not on the 
amount of attenuation or on the generator and load 
mismatches. For a VSWR of 1.15, € is 0.08 db. Addi- 


tion of these two components, as determined from Figs. 


4 and 11, yields the limits of mismatch error, er, of 0.19 


LIMITS OF ERROR, DECIBELS 


Fig. 12—Limits of component e2 of mismatch error for three 
attenuators with equal magnitudes of Sy and Soo. 
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db for a 3-db measurement and 0.17 db fora 40-db meas- 
urement. 

If the three similar attenuators are connected in cas- 
cade and inserted in the system, Fig. 8 shows that « is 
now 0.12 db for a 40-db measurement and 0.10 db for 
a 75-db measurement, and Fig. 12 shows that e is 0.13 
db for both measurements. Addition of these yields the 
limits of mismatch error, €7, of 0.25 db for a 40-db meas- 
urement and 0.23 db for a 75-db measurement. These 
examples are felt to be representative of conditions met 
in typical rectangular waveguide systems. 
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CONCLUSION 


It can be seen that if maximum possible error is as- 
sumed, the mismatch error increases for smaller relative 
attenuation measurements. 

The limit of mismatch error estimated by this method 
is a conservative figure since it is based on the assump- 
tion that all values of the coefficients have phases at the 
initial and final settings which give the maximum pos- 
sible error. Thus, in an actual application, the mismatch 
errors are very probably less than those estimated in the 
examples. 


A Nonreciprocal, TEM-Mode Structure for Wide-Band 
Gyrator and Isolator Applications* 


Peeve DONS], G LY MATIHAEIT, anp-S, 4BS/COHN;: 


Summary—The theoretical and experimentai operation of a 
novel form of TEM transmission-line network capable of operation 
. over octave bandwidths is described. This network consists, basi- 
cally, of a parallel arrangement of two conductors and a ferrite rod 
within a grounded outer shield. The conductors may be connected in 
a two-port configuration which provides, in the absence of the ferrite 
rod, complete isolation from zero frequency to the cut-off frequency 
of the first higher mode. With an unmagnetized ferrite rod properly 
inserted, the broad-band isolation is virtually unaffected. When the 
rod is magnetized by an axial magnetic field, coupling occurs between 
the two ports by a process analogous to Faraday rotation. 

The device may be used as a broad-band gyrator, switch, or 
modulator, and with the addition of a resistance load, as an isolator. 
The bandwidth of these components is inherently limited only by the 
bandwidth capability of the ferrite material itself. 


I. QUALITATIVE DESCRIPTION OF OPERATION 
Gyrator Network 


4p HE form of the nonreciprocal TEM transmission- 


linenet work that functions as a wide-band gyra- 


tor, switch, or modulator is illustrated in Fig. 1.1% 


It consists of a pair of shielded, coupled transmission 
lines and an axially oriented ferrite pencil. This circuit 
behaves, in the absence of the ferrite rod, as an all-stop 
filter; z.e., infinite attenuation theoretically exists be- 


* Manuscript received by the PGMTT, April 29, 1959; revised 
manuscript received, June 19, 1959. d 

+ Div. of Engrg. Res., Stanford Res. Inst., Menlo Park, Calif. 

1E. M. T. Jones, S. B. Cohn, and J. K. Shimizu, “A wide-band 
nonreciprocal TEM-transmission-line network,” 1958 WESCON 
CONVENTION REcoRD, pt. 1, pp. 131-135. 

20. W. Fix, “A balanced-stripline isolator,” IRE CONVENTION 
REcoRD, pp. 99-105; March, 1956. ‘ : 

3H. Boyet and H. Seidel, “Analysis of nonreciprocal effects in 
an N-wire ferrite-loaded transmission line,” Proc. IRE, vol. 45, 
pp. 491-495; April, 1957. 


tween the two ports at all frequencies. For the network 
to be an all-stop filter, it is necessary that one of the 
coupled lines be open-circuited and the other short- 
circuited, in the manner shown in the figure, and that 
the phase velocity of the even and odd modes on the 
coupled lines be the same. Both these conditions are 
satisfied when the ferrite is properly oriented in the 
plane of symmetry between the coupled lines. The 
proper position of the rod is quite independent of fre- 
quency, so that the composite structure has high attenu- 
ation over a wide band of frequencies. 

When an axial magnetic field is applied to the ferrite 
rod, it rotates the plane of polarization of the linearly 
polarized transverse RF magnetic field existing along 
the ferrite rod, and energy is coupled between the input 
and output ports. When the axial field is increased to 
the point where the RF magnetic field is rotated by 90 
degrees, virtually all the energy is transferred. When the 
cross section of the ferrite rod is small in terms of wave- 
length, and the operating frequency is far removed from 
the ferromagnetic resonance frequency, the rotation of 
the plane of polarization per unit length by the ferrite 
is essentially independent of frequency. Therefore, low 
insertion loss is experienced over a wide frequency range. 
Because the plane of polarization of the RF magnetic 
field is rotated in the same sense with respect to the 
positive direction of the biasing magnetic field, inde- 
pendent of the direction of propagation through the 


4, M. T. Jones and J. T. Bolljahn, “Coupled-strip-transmission- 
line filters and directional couplers,” IRE TRANS. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-4, pp. 75-81;\April, 1956. 
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device, it can be seen that the signal undergoes 180 
degrees more phase shift while passing through in one 
direction that it does while passing through in the op- 
posite direction. Thus, the device functions as a gyrator. 
It may also be used as a switch by abruptly changing 
the magnetizing field from zero to the strength that 
gives full transfer of energy, or it can be used as a mod- 
ulator by continuously varying the field. 
Isolator 

The network configuration most suitable for use as an 
isolator is shown in Fig. 2. The diagrams at the bottom 
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of the figure illustrate the manner in which the RF mag- 
netic field at the axis of the ferrite rod is rotated in 
passing through the device in either direction. When a 
signal travels from left to right, the RF magnetic field 
is initially oriented at an angle ¢1, somewhat greater 
than 45 degrees to the horizontal. Since there is no volt- 
age induced in the short-circuited line on the upper left, 
the resistive termination placed behind this line does 
not attenuate the signal. The RF magnetic field, on 
passing through the ferrite, is rotated through an angle 
¢1 so that at the output it is horizontal. A signal entering 
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Fig. 2—Wide-band isolator. 
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- from the right also has its RF magnetic field rotated ¢; 


degrees as it passes through the ferrite so that all the 
power is transferred to the upper line where it is attenu- 
ated by the resistive termination at the left-hand end of 
the network. 


I]. PERTURBATION ANALYSIS OF NONRECIPROCAL 
COUPLING BETWEEN A PAIR OF 
SHIELDED CONDUCTORS 


A more detailed picture of the behavior of the various 
forms of the device may be obtained by analyzing the 


‘nonreciprocal coupling between shielded conductors us- 


ing perturbation theory.® This theory is exact for ferrite 
rods having infinitesimal cross section areas, and is 
qualitatively correct for the ferrite rods used in practice. 
Application of this theory shows that with a lossless 
ferrite rod in position and unmagnetized, the propaga- 
tion constant 8,’ of the even mode is 


ca aL wp—1 
ences ec) 
e+ 1 w+i1 


AT Zoe 


~while the propagation constant 8)’ of the odd mode is 


asme[2(-) +2(2 5) 
ae Nak +1 


AT Zoo 


> (2) 
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_ In these expressions, 


H,.=RF field existing at the axis of the ferrite, in the 
absence of the ferrite, when the device is excited 
in the even mode; 7.e., equal in-phase currents 
I, flow on the conductors; 

H)=RF magnetic field existing at the axis of the fer- 
rite, in the absence of the ferrite, when the de- 
vice is excited in the odd mode; 7.e., equal out- 
of-phase currents Jo flowing in the center con- 
ductors; 

Zon = Characteristic impedance of one center conductor 
to ground with equal in-phase current [, flowing 
in the center conductors; 

Zon=characteristic impedance of one center con- 
ductor to ground with equal out-of-phase cur- 
rents J,,, flowing in the center conductors; 

ki=propagation constant of the unperturbed sys- 
tem, which is assumed lossless; 
uw =relative initial permeability of the ferrite; 
¢=relative dielectric constant of the ferrite; 
fo =4m X 1077 henries/ meter; 
w =angular operating frequency; and 
As =cross section area of ferrite rod, meter.’ 


In order that there be no reciprocal coupling between 
the conductors, the ferrite rod must be oriented so that 
the phase velocities of perturbed even and odd modes 


5B. Lax, “Frequency and loss characteristics of microwave 


ferrite devices,” Proc. IRE, vol. 44, pp. 1368-1386; October, 1956. 
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are equal. That is, 
Bo = Bo = 8B. (3) 
Substitution of (1) and (2) into (3) yields the relation 
seg ihe 
(4) 


J RAIRE HR ORR 


Eq. (4) shows that when the even and odd modes carry 
equal power, they will produce equal RF magnetic 
fields at the axis of the ferrite rod. However, equal even- 
and odd-mode currents do not produce equal fields at 
the center of the rod. 

When the rod is biased with an axial field, the amount 
of nonreciprocal rotation 6 of the plane of polarization 
of the wave in passing along the axis of the ferrite rod 
of length /, as well as the attenuation al, can be deter- 
mined by first resolving the wave into right- and left- 
hand circularly polarized components having the propa- 
gation constants a;+j6, and a_+j8_, respectively. 

Making the usual approximation that (;es3/wor)? 
K(Wres + w)?, one finds that 


Wj (B_ — B,)i * wluoAs(H.? + H.)wwm , 6) 
2 (40 ’ZLoe + 42 cn?Z oo) (Wres? — w) 
and 
oe (“=*); 
2 
ra wlhugAs(H.? + al @rese + W? i (6) 
(AT PZLoe + 41 cn?Zoo)Wot L(wres? — w?)? 


The relation getween @/ and al takes the particularly 
simple form of 


(7) 


In these expressions, 


Wm=y4rM, 
47M =saturation magnetization (gauss), 
y/224 =2.8 mc/oersted, 


w#o=yHone, 
Hpc=applied internal field in the ferrite rod 
(oersteds), 


Wres = Wo tWm/2, 
tT =2/yAH=Tw/wo, 
T =phenomenological relaxation time as defined 
by Lax,' and 
AH =ferrite line width measured to the one-half 
amplitude points. 


Eq. (7) shows that for a given total rotation 61, the total 
attenuation al experienced by a signal is independent 
of the cross section geometry. In the experimental gy- 
rator and isolator to be described later, the ferrite used 
is Ferramic R-1. This material has a line width AH of 
about 500 oersteds at an operating frequency of 9000 
mc. This value of line width yields wor =wT of about 
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12.7 over a wide band of frequencies centered at 9000 
mc. Hence, far from resonance the theoretical attenua- 
tion through the gyrator, which has a 0#/=7/2 radians, 
is about 1.07 db. The theoretical minimum forward at- 
tenuation through the isolator which has a 6] of about 
0.91 radian is 0.62 db. Inspection of (7) reveals that, at 
frequencies removed from the ferromagnetic resonance 
frequency, the rotation @/ is independent of the operat- 
ing frequency. 

When the operating frequency approaches the reso- 
nance frequency, (5) shows that 6] increases. However, 
(6) predicts an even greater increase in al. For a given 
size of ferrite, the amount of rotation is proportional to 
the ratio of H,?+H,? (the square of the total unper- 
turbed RF field at the axis position of the ferrite) to 
4T.?Zoe+4I1o?Zo0 (twice the total power transmitted along 
the ferrite-loaded structure). In general, it is very diff- 
cult to determine this ratio quantitatively; however, 
it has been done for the case of thin, flat, co-planar 
coupled strips using a conformal mapping technique. 
The results of this analysis show that this ratio increases 
as the gap between the coupled strips is decreased. At 
the same time, it is found that the position where the 
magnetic fields of the even and odd mode are equal for 
equal power in the two modes moves closer to the plane 
of the coupled strips as the gap between the strips is de- 
creased. It seems likely that this behavior will obtain 
for other conductors having different cross section 
shapes. 


III. DETAILED DESCRIPTION OF OPERATION 
Gyrator 


When the correct biasing field for gyrator action is 
applied to the ferrite rod shown in Fig. 1, perfect trans- 
mission is achieved through the network, assuming a 
reflectionless and lossless ferrite when the terminating 
impedances at Port 1 and Port 2 are equal to the input 
impedances at each of these ports when the opposite 
port is terminated in a matched load. The input imped- 
ance at Port 1 under these conditions can be readily 
computed by noting that a signal entering Port 1 ex- 
cites even and odd modes on the coupled lines, having 
equal voltages V/2 since it is necessary to have zero 
voltage on the shorted line. Hence, the current flowing on 
the coupled line connected to Port Lis V/2[1/Z,.+ ily yeh 
while that induced on the shorted line is 


V/2|1/Zos ~ 1/Zools 
Therefore, the input impedance at Port 1 is 


Laskin) \ Line aie Zao). 


In a like manner, it is seen that a signal entering Port 2 
excites even and odd modes having equal currents, J. 
Hence the voltage on the line connecting to Port 2 is 
I(Zoe+Zoo), while that induced on the open-circuited 
line is I(Zoe—Zo.). Therefore, the input impedance at 
Port 2 is (Zoe+Zoo) /2. 
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The inclination angle ¢ of the RF magnetic field 
along the axis of the ferrite as a signal passes through 
the gyrator can be computed in the following fashion. 
When a signal is incident on Port 1° with voltage am- 


plitude V, the amplitude of the even current I, is 
V/2Zoe on each of the coupled lines while the amplitude 
—_ 


of the odd current Ji, is — V/2Z... Referring to Fig. 1 

and remembering the condition of (4), it is seen that the 

even current produces an x-directed component of mag- 
— 


= . 
netic field Ai,= Hi, at the axis of the ferrite rod having 
an amplitude proportional to 1/+/Z... The odd-mode 
current produces a y-directed component of magnetic 

—> 


> 
field Hi,=H,, at the axis of the ferrite rod having an 
amplitude proportional to 1/./Z,.. Thus, 


> 
> H ly 


sft (8) 
jie ZA 


tan ¢, = — = 


lz 


As the signal passes through the magnetized ferrite, the 
plane of polarization of the field at the axis of the ferrite 
rodrotatesclockwise; however, its magnitude ./H,? + H2 
is unchanged. When the wave reaches the end of the 
ferrite rod adjacent to Port 2, it is necessary that 


> lc 
Tee = T29= V/2V ZoeL00 in order that all the signal power 
will pass out Port 2. Therefore, the inclination angle 


oz is 


vA 

—> 2y oo 

tan 65 = —— = ) 9 
ae Z,. (9) 


showing that the plane of polarization of the wave at 
the center of the ferrite is rotated 90 degrees in passing 
once through the gyrator. When a signal passes through 
the device from Port 2 to Port 1, the plane of polariza- 
tion of the RF magnetic field is rotated in the same sense 
with respect to the biasing field, as shown in Pig 
Hence, as explained above, this device functions as a 
gyrator since a signal undergoes 180 degrees more phase 
shift in going through the device in one direction than 
the other. 


Wide-Band Isolator 


When the correct biasing field is applied to the ferrite 
rod shown in Fig. 2 for isolator action, zero forward loss 
is achieved, again assuming a lossless and reflectionless 
ferrite when the characteristic impedances of the lines 
connected to Port 1 and Port 2 are 2L oeLool (Zoe + Loo) 
and Z,,/2, respectively. F urthermore, it is necessary 
that the termination within the isolator perturb the 
phase velocities of the even and odd modes equally, in 


order that there be no reciprocal coupling between the 
lines. 


_ ° The arrows indicate the direction of power flow through the de- 
vice with reference to Fig. 1. 


1959 


When a signal is incident on Port 1, the inclination 
angle ¢; of the RF magnetic field at the axis of the fer- 


rite rod is ¢;=tan-! WZ,./Z.. As the signal passes 
through the isolator, the plane of polarization of the field 
—> 


at the axis of the rod is rotated until ¢2 is zero at Port 
2. When a signal is incident on Port 2, the angle of in- 
— 


clination ¢: of the field at Port 2 is again zero. As the 

signal passes through the device, the RF magnetic field 

is rotated in the same direction with respect to the bias- 
<— 


ing magnetic field so that the inclination angle ¢; of the 
magnetic field at the center of the ferrite rod nearest 


— — 
Port 1 is ¢:.=—d:. This orientation of the magnetic 
field corresponds to zero RF voltage on the line connect- 
ing to Port 1 and maximum voltage on the line contain- 
ing the termination, which is the optimum condition for 
a large absorption in the termination. 
It is interesting to note that should the direction of 
_the biasing magnetic field be reversed, a signal incident 
on Port 2 will propagate through the isolator and 
emerge unattenuated from Port 1. However, a signal in- 
cident on Port 1, after passing through the isolator, will 
set up both even and odd mode currents on the lines 
adjacent to Port 2. The energy in the even mode will 
pass out of Port 2 while the energy in the odd mode will 
be reflected at the 7-junction and later, after retravers- 
ing the network, be absorbed in the termination. Thus, 
_other factors being the same, the reverse loss is less for 
this orientation of biasing field than for the correct 
orientation of the biasing field shown in Fig. 1. How- 
ever, as discussed in Section IV, measurements made on 
an isolator with a lossy ferrite indicated only a small dif- 


ference in attenuation when the biasing field was re- 


versed. 


IV. MEASURED PERFORMANCE 


Gyrator Experimental Results 


A photograph of the experimental model of the wide- 
band gyrator is shown in Fig. 3. Its measured perform- 
ance is shown in Fig. 4. The cross section dimensions 
of the coupled strip lines and the Ferramic R-1 ferrite 
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rod are also shown in Fig. 4. The over-all length of the 
coupled lines is 8 inches. The over-all length of the fer- 
rite rod is 5.75 inches and each end is tapered over a 
length of 0.625 inch. The theoretical values of Zoe and 
Zoo are 139 ohms and 88 ohms, respectively. These 
values were computed from (24) and (25) of Jones and 
Bolljahn,? suitably modified to account for the increased 
self-capacitance of the lines caused by the presence of 
the vertical side walls of the outer conductor of the net- 
work. Tapered transitions were employed at either end 
of the gyrator to match it to the 50-ohm impedance level 
of the measuring equipment. The transition at Port 1 
transformed between 50 ohms and 22 .Zo0/(Zoe+ Zoo) 
=108 ohms, while the transition at Port 2 transformed 
between 50 ohms and (Z,.+2Z,.)/Z =114 ohms. 

With no dc biasing field applied, the insertion loss 
through the gyrator is greater than 20 db, except near 
the highest frequencies measured where it drops to 16 
db. When the magnetic field is applied to obtain gyrator 
action, the insertion loss decreases to less than 2 db ex- 
cept at a few isolated points in the band. At the upper 
end of the band, the insertion loss averages about 1 db, 
in agreement with the results of the perturbation anal- 
ysis. Although the data were not recorded, it is believed 
that the gyrator shown would operate satisfactorily 
down to frequencies as low as 5.5 kmce, since one of the 
experimental isolators described in the next section 
operated down to this frequency. 

It is believed that the insertion loss of the gyrator, 
caused mainly by ferrite losses, could be greatly reduced 
by employing an yttrium iron garnet rod which has a 
line width of about 50 oersteds, rather than the Ferramic 
R-1 which has a line width of about 500 oersteds. 


Isolator Experimental Results 


An experimental isolator design was constructed hay- 
ing cross-sectional dimensions as shown in Fig. 5. In 
this case, the even- and odd-mode impedances are ap- 
proximately Z,.=148 and Z,.=90.4 ohms. The input 
impedance at Port 1 in Fig. 2 is 2Zc¢Zo0/(Zoe+Zoo) = 112.5 
ohms, while the input impedance at Port 2 is Z,./2 =74 
ohms. In order to match the 112.5-ohm impedance at 


Fig. 3—Photograph of the wide-band gyrator. 
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Fig. 4—Insertion loss of wide-band gyrator. 


Port 1 to 50 ohms, a 2.4-inch taper section was used at 
that end. At Port 2, it was possible to achieve a good 
match by adjusting the position of the Y-junction with 
respect to the end wall, and by altering the diameter of 
the conductor between the junction and the end of the 
box. In order to test the VSWR of the transitions, long 
tapered sections of Polyiron were placed beside the con- 
ductors to act as terminations inside the box. 

The isolator whose cross section is shown in Fig. 5 
used a 0.147-inch diameter rod of Ferramic R-1 ferrite, 
5.70 inches in over-all length, with each end tapered to 
a point in a distance of 1.2 inch. The ferrite rod was 
suspended within the outer shield by threads attached 
to metal pull rods and calibrated adjusting nuts so that 
it was possible to adjust the position of the ferrite rod 
while the isolator was in operation. Since the reverse loss 
is the most sensitive test of proper operation, the rod 
was positioned in such a way as to optimize the reverse 
loss characteristic. Because the thread system used for 
holding the rod was not very rigid, the rod position indi- 
cated in Fig. 5 can be regarded only as a close approxi- 
mation. 

The forward loss, shown in Fig. 5, of a signal travel- 
ing from Port 1 to Port 2, was measured with the biasing 
field oriented as shown in Fig. 2. The reverse loss was 
measured with the biasing field reversed. Within ex- 
perimental error, the same result is obtained for the re- 
verse loss with the biasing field oriented as shown in 
Fig. 2, but with the direction of propagation through the 
isolator reversed. 

Fig. 5 shows that the device has high isolation; i.e., 
reverse loss, over a considerable bandwidth. The for- 
ward loss is around 1.0 db over most of the band, with 


a few peaks reaching a maximum of 1.6 db. The VSWR 
at Port 1 and Port 2 was the same regardless of the 
H-field direction. The low VSWR at Port 2, which was 
observed for all biasing field strengths, is due to the 
fact that essentially all of the signal fed into Port 2 is 
absorbed either in the matched termination at Port 1 
or in the matched internal termination. On the other 
hand, a low VSWR at Port 1 will only be obtained when 
the biasing field is adjusted to give the proper rotation. 
Therefore, it is believed that the relatively high VSWR 
observed at Port 1, when the isolator is adjusted for op- 
timum reverse loss, indicates that the amount of “ro- 
tation” in the forward direction is different from that in 
the reverse direction, either because of reciprocal cou- 
pling or because of higher-order modes caused by the 
presence of the ferrite. 

The data in Fig. 6 show the difference in decibels be- 
tween the reverse and forward loss with the biasing field 
adjusted at each frequency to maximize the reverse loss. 
More biasing field is required at intermediate frequen- 
cies than at both the relatively low and the relatively 
high frequencies. At the lower frequencies it is possible 
that the proximity of ferromagnetic resonance dimin- 
ishes the H-field required. The reduced biasing field re- 
quired at the high frequencies may be due to increased 
concentration of energy in the ferrite rod.’ It is probable 
that the rotation could be kept more constant with fre- 
quency for a given biasing field by introducing dielectric 
loading in the isolator box to draw away some of the 
energy from the ferrite rod at the higher frequencies.” 


7E. A. Ohm, “Broad-band microwave circulator,” IRE Trans, — 


ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-4, pp. 210-— 
217: October, 1956. 
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Fig. 5—Measured performance of a wide-band isolator using an R-1 ferrite rod 5.70 inches long 
with each end tapered to a point in a distance of 1.2 inches. 
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Fig. 6—Decibel difference between reverse and forward loss for the 
isolator in Fig. 5 when the biasing field is adjusted at each fre- 
quency to give the peak reverse loss. 


The performance characteristics of an isolator using a 
smaller-diameter ferrite rod in an outer shield of reduced 
cross section appear in Fig. 7. The inserts used to reduce 
the outer shield cross section were tapered at the ends so 
as not to disturb the end impedance matches. The fer- 
rite rod was Ferramic R-1, 0.100 inch in diameter, 6.00 
inches in over-all length, with each end tapered to a point 
in a distance of 0.5 inch. The distance «x in the cross sec- 
tion drawing in Fig. 7 was approximately 0.070 inch and 
was arrived at by adjusting for optimum reverse loss. 

It is seen that the performance of this isolator is quite 
similar to that of the previously described isolator, ex- 
cept that the midband reverse loss is slightly lower. 
However, it is probable that the performance of this iso- 
lator could be improved by using a longer ferrite rod, 
since for frequencies beyond midband it was not possible 
to peak the reverse loss at a definite biasing field as was 
possible in the previous isolator. It was found possible 
to minimize the forward loss only at the lower frequen- 
cies, which again indicates that the rod was not long 
enough to give sufficient rotation at the higher frequen- 
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Fig. 7—Measured performance of a wide-band isolator using an R-1 ferrite rod 6 inches long 
with each end tapered to a point in a distance of 0.5 inch. 


cies. At frequencies in the 7- to 8-kmc band, the optimum 
loss values ran around 0.5 db, or somewhat less, which 
agrees fairly well with the perturbation analysis and 
should be indicative of what optimum performance of 
the isolator would be. As seen from Fig. 7, the VSWR at 
Port 1 of the isolator is rather high, just as in the case of 
the previous isolator, while the VSWR at Port 2 is quite 
low. In this case, insertion loss data were taken for both 
directions of the H-field and for both directions of power 
flow. The differences in the measured data were quite 
small, although operation with the H-field, as shown, 
was slightly better in the forward loss characteristic. 


CONCLUSION 


The nonreciprocal TEM network described here can 
be used as a wide-band gyrator, isolator, switch, or mod- 
ulator. The theoretical analysis of this network indicates 
that it should function over bandwidths even greater 
than an octave. Measurements on experimental versions 
of the network demonstrate that operation over almost 
an octave may be readily achieved in practice. If poly- 
crystalline yttrium iron garnet is used in place of the 
R-1 ferrite, it is believed that low-loss operation can be 
achieved over even greater bandwidths. 
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Fligh-Power Microwave Rejection Filters Using 
Higher-Order Modes* 


JOSEPH H. VOGELMANT 


Summary—In order to obtain filters capable of handling very 
high power, the use of radial lines and uniform line discontinuities 
was investigated. Forty-five-degree tapers and uniform lines were 
used to design a high-power microwave filter capable of handling 700 
kw at 15 pounds pressure in a 0.900 by 0.400 ID waveguide. In addi- 
tion to the filtering which results from the discontinuities in the TEio 
mode in the waveguide, high insertion loss elements are effected 
when the enlarged uniform line section is larger than the TE;) mode 
waveguide wavelength and when the length of the enlarged section 
is approximately (2n—1)),/4. Extremely large insertion losses are 
possible by the cascading of these elements. Tuning, in the standard- 
size waveguide, has no effect on the insertion loss of the higher- 
mode enlarged waveguide at its resonant frequency. Empirical de- 
sign formulas are evolved and the design procedure for band-rejec- 
tion filters is given, using these high insertion loss elements. 


INTRODUCTION 


\’ the power of radar and communications trans- 


mitters increase and as their number continually 

becomes larger, the mutual interference between 
radars at the same site, or between radars and communi- 
cations, reaches critical proportions. To eliminate the 
large power at spurious frequencies which are far re- 
moved from the assigned operating frequency band, it is 
essential to provide adequate filtering at high power on 
the transmission lines between the transmitters and the 
antennas. As an outgrowth of work done on high-power 
filters using radial transmission lines in combination 
with enlarged uniform transmission lines, it was found 
that the higher-order mode in the enlarged line would 
provide a useful high insertion loss element, which in 
combination with the filtering effect of the discontinui- 
ties in the fundamental TEi9 mode, would provide a 
solution to the high-power microwave filtering problem. 
The basic filter section consists of a waveguide of rec- 
tangular cross section whose narrow dimension is ex- 
panded through a taper and then contracted through 
another taper to its original dimensions. The two tapers 
are separated by a length of an enlarged uniform line. 
The basic filter section (see Fig. 1) and its reactive char- 
acteristics have been described in a previous paper.’ In 
this paper, this technique is extended to the case where 
higher-order modes can propagate in the enlarged uni- 
form line in the filter section. 


* Manuscript received by the PGMTT, May 13, 1959; revised 
manuscript received, June 19, 1959. ; 

+ Dynamic Electronics, Inc., Richmond Hill, N. Y. Formerly at 
Rome Air Development Center, Griffiss Air Force Base, N. Y. 

1 J, H. Vogelman, “High-power microwave filters,” IRE Trans. 
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-6, pp. 429- 


439; October, 1958. 
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Fig. 1—Typical filter section with one side wall removed. 


THE HicH INSERTION Loss SECTION 


In filter sections (see Fig. 1) with enlarged center sec- 
tions of a size where the height is greater than the wave- 
guide wavelength in the standard TEi) mode waveguide, 
frequencies can be found where the insertion loss rises 
sharply to values in excess of 35 to 45 db for a single 
section. This has been experimentally investigated in 
an attempt to specify the conditions for its occurrence, 
in order to permit its use in the design of rejection filters. 
Experimental examinations of a large number of com- 
binations of tapers to enlarged guides and correspond- 
ing abrupt steps to the same size guide produced a quan- 
tity of empirical data from which the following conclu- 
sions could be drawn. 

1) The presence of the tapers contributed to the ex- 
citation of the higher-order modes which are necessary 
for the existence of the high insertion losses in the single 
section. 

2) Of the modes capable of propagating in the en- 
larged waveguide (TEno, TEn, TEx, TEno, TEoe, TMu, 
and TM), only the TEx and TMiz modes can be con- 
sidered as contributing to this resonant insertion loss. 

3) Though the evidence is not conclusive, it is quite 
likely that it is the TEy mode in which the high inser- 
tion loss elements operate. 

4) The high insertion loss resonances show a rela- 
tively high Q (narrow bandwidth). 

5) Discontinuities, or tuning in the standard wave- 
guide on either the load or generator side of the filter 
section, do not affect the frequency of the high insertion 
loss and only produce minor changes in the value of the 
insertion loss itself. 

6) The assumption of the TE:2: mode in the enlarged 
waveguide permits the establishment of empirical de- 
sign criteria leading to practical high insertion loss 


filters. 
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The Resonance Phenomena 


A waveguide two-port structure is described in which 
each of the modes TE., TEx, etc., form independent 
waveguide two-port structures coupled by ideal trans- 
formers at input and output ports to the main propa- 
gating mode line. One of the two-port structures carries 
the TE,» mode and can be treated as in Vogelman! ex- 
cept near the high insertion loss frequencies. When the 
TE,. mode becomes resonant, it extracts essentially all 
of the RF power from the fundamental mode-transmis- 
sion line. For the TE:: mode, the enlarged waveguide 
section is terminated by a waveguide beyond cutoff at 
each end. Since neither the TE:: mode nor its related 
radial mode will propagate towards the standard wave- 
guide for any distance, the energy coupled into this 
resonant cavity is dissipated in the metallic walls at 
resonance, producing a high insertion loss at that fre- 
quency. This concept was checked by the following 
experiment. A signal at resonance (i.e., high insertion 
loss frequency) was fed through a slotted line in series 
with a directional coupler, a slide screw tuner, the 
filter, another directional coupler and a matched load. 
The magnitude of the insertion loss was measured 
with the slide screw tuner effectively out of the cir- 
cuit. The VSWR was measured with the slotter line 
and the slide screw tuner adjusted to produce a VSWR 
of less than 1.05. The insertion loss was measured 
again. Without the tuner, the VSWR’s that were meas- 
ured were in the order of 5, or less, with insertion 
losses of >40 db. When the VSWR was reduced to less 
than 1.05, the insertion-loss measurement showed only 
a decrease of less than 1.5 db in all cases. This is the 
effect which is expected when a dissipative element is in- 
serted in a transmission line. This experiment lends cre- 
dence to the conclusion that the filter element at reso- 
nance in the TE, mode is not reciprocal insofar as its 
mode-transformation properties are concerned; i.e., it 
readily transforms TE19 power to the TE, mode, but 
does not transform TE, power back to the TE,) mode 
to any appreciable extent. In the case of multiple modes, 
the normal inductive or capacitive coupling of a reso- 
nant circuit to a transmission line cannot be used to de- 
scribe the performance. A theoretical analysis of the 
equivalent circuit of the discontinuities between the 
enlarged uniform line and the radial line at each end and 
the reactance caused by the waveguide beyond cutoff 
radial lines was atttempted without success insofar as 
producing a relatively exact treatment of the high inser- 
tion loss phenomena was concerned. However, the anal- 
ysis leads to the following qualitative conclusions. 


1) The resonant length of the enlarged uniform line is 
reduced from one-half waveguide wavelength by the 
reactances of the discontinuities and the waveguide be- 
yond cutoff at each end of the uniform line. 


2) For short enlarged uniform lines, the interaction 
between the discontinuities at each end further shortens 
the required line length for resonance. 
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3) The section will resonate even when the line length 
of the enlarged uniform guide is reduced to zero because 
of the presence of the discontinuity reactances and the 
waveguides beyond cutoff. 

Since an analytic solution was not possible, design 
formulas were empirically derived from the data experi- 
mentally obtained for enlarged waveguide sections. 


General Design Considerations 


A large number of filter sections, consisting of 45° 
tapers at the ends of an enlarged line, were constructed 
and tested to obtain empirical relations between the 
high insertion loss frequency and the dimensions of the 
cavity section. From the resultant data, the following 
empirical relationships were obtained. 

1) The measured high insertion loss frequency occurs 
within one per cent of the value computed for a uniform 
enlarged waveguide length equal to a quarter wave- 
length for the TEi: mode, provided that this length is 
greater than one-half the cutoff wavelength. 

2) When the enlarged waveguide length is reduced to 
zero, the high insertion resonance frequency is within 
three per cent, if the resonance is computed on the as- 
sumption that an equivalent length equal to the wave- 
guide height is divided by 2/2. 

3) Linear interpolation can be used to compute the 
TE resonant wavelength for cavity length between 
zero and \,/2. This gives results which are within three 
per cent for lengths much shorter than \,/2 and closer to 
one per cent as the length approaches X,/2. 

4) The Q of the TE resonance defined in terms of the 
bandwidth of the points 3 db down from the maximum 
insertion loss, is a function of the ratio of the TEj2 reso- 
nant frequency to the cutoff frequency for that mode. 
Typical values of Q as determined in accordance with 
the preceding definition are as follows: 


a) four to five thousand within one to two per cent 
of the cutoff frequency with a corresponding fre- 
quency-to-width ratio at 20-db insertion loss of ap- 
proximately 200 to 300; 


b) two thousand to twenty-five hundred within five 
to six per cent of the cutoff frequency with a corre- 
sponding frequency-to-width ratio at 20-db inser- 
tion loss of approximately 75 to 150; 


c) four to five hundred for frequencies within twelve 
to thirteen per cent of the cutoff frequency with 


ratio at 20-db insertion loss of approximately 50 
to 75; 


d) two hundred and fifty to three hundred when the 
length of the enlarged line is reduced to zero, cor- 


responding to a frequency-to-width ratio at 20-db 
insertion loss of 30 to 50; 


e) the second-, third- and higher-order insertion-loss 
frequencies have correspondingly lower Qs. 
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Design Formulas 


Fig. 1 shows the dimensions to be used in computing 
the resonant frequency of a high insertion loss filter sec- 
tion: /is the length of the enlarged section; a is the width 
of both the standard waveguide and the enlarged wave- 
guide; b is the height of the standard waveguide, and b, 
is the height of the enlarged waveguide. 

The notation A, and , will refer to the waveguide 
wavelength and the cutoff wavelength of the enlarged 
uniform waveguide for the TE, mode. The cutoff wave- 
length for the TEx mode for a waveguide of width a and 
height 2 is given by the formula? 


2a 


Neve = (1) 
V1 + (20/62)? 


Note: This mode cutoff occurs when the waveguide 
wavelength in the TE) mode is equal to the height be. 

The waveguide wavelength is obtained from the cut- 
off wavelength from the relationship 


nN 
\, = See 2 
; V1 = (Ai. A dads)? ( ) 
which, for the TE» mode, reduced to 
1 


a IE Tha? — 1/2 


(3) 


g 


for J; larger than (2n—1)A./2 where m is the number of 
the resonance counting the resonances from lowest to 
higher frequencies. The required resonant dimension can 
be obtained from the resonant wavelength by the fol- 
lowing relationship: 


ly = (2n — 1)d,/4 (4) 
which combines with (3) to give 
2n = 1 
VI) — 1/40? = 1/62 


(5) 


ly 


Conversely, the resonant free-space wavelength is given 
in terms of the length, width and height by the following 
relationship: 


xe : Gate 6) 


2n—1\? 
/( ) + 1/4a? + 1/6,? 
Al, 


I, = (20 — 1)dey,/2 (7) 


in (6) we obtain the criteria for the validity of (6); 7.e., 
that the TE» resonant wavelength \ is smaller than j. 
where Aj. is given by 


Substituting 


0.894427 


= ——____————_ 8 
a/1/4a® + 1/23 $y 


Nic 


2) . M itz, “Wave uide Handbook,” Mass. Inst. Tech. 
at Yaw Sen McGraw-Hill Book Co., Inc., New York, N. Y., 
p. 88; 1951. 
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The TE, resonant wavelength for i, equal to zero is 
found to be 


1 
Pia a ere 
V/3/2b2? + 1/4a2? - 


(9) 


If values of J, between zero and \,/2 are used, the reso- 
nance can be found by linear interpolation between the 
values obtained from (6) and (8) or from the relationship 


ee G 
Mab li (1 es ~*) anes (10) 


lc 


For the second, third and subsequent resonances where 
the length of the enlarged section/, is less than 
(2n—1)\./2 for the TE» mode, the high insertion loss 
wavelength is obtained from 


Ar] V3. 2h 
; - 


maar t [1 eae 


where X; is the value computed from (6). Eqs. (10) and 
(11) will give values of the high insertion loss wave- 
length to an accuracy of three per cent for the second, 
third and fourth TE, resonance, provided that @/) is 
greater than 1 or appropriate steps have been taken to 
suppress the TE29 mode in the standard-size waveguide. 


Filter Design Procedure 


A band-rejection filter using high insertion loss sec- 
tions is specified in terms of the upper and lower cutoff 
frequencies of the pass band, the lowest high insertion 
loss frequency, and the minimum acceptable highest 
frequency of the attenuation band. The following sym- 
bols will be used. 


Xa is the wavelength corresponding to the lower cut- 
off frequency of the pass band. 

\» is the wavelength corresponding to the upper cut- 
off frequency of the pass band. 


Am, is the lowest frequency for the (27 —1)dA,/4 reso- 
nance. 

Xar, is the highest frequency for the (2n—1)d,/4 res- 
onance. 


The procedure for designing a band-rejection filter 
consists of selecting a series of filter sections of the high 
insertion loss type such that the frequencies over which 
they reject form in combination a continuous fre- 
quency band of the desired width. The rejection band- 
width is divided into several parts, the lowest frequency 
part being covered by the filters operating in the first 
resonance, that is, in the \,/4 condition. The second 
band, which is continuous with the first, consists of the 
same filters operating in the 3\,/4 mode and so forth. 
The first step in the design procedure is to select Aw,, the 
wavelength corresponding to the highest frequency of 
the rejection section in the \,/4 mode. If this value is 
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selected to be equal in wavelength to that resulting from 
the application of (8), the simplest design procedure 
results. The criteria for selection of Nar, (derived in Ap- 
pendix I) are 


0.894427\m, < dary < 0.906765Am;; (12) 


where Am, is wavelength of lowest attenuation frequency. 
Normally, ar, is selected close to the upper limit in or- 
der to produce individual sections of maximum rejection 
bandwidth. By manipulation of (8), we obtain the rela- 
tionship for determining the height of the enlarged 
waveguide to be used in the filter design. 


(13) 


Am, 


The length of the section /, corresponding to the wave- 
length Ayr, is found from (5) and (13) to be 


a Amy, 
/3.2 
The length of the enlarged waveguide in the filter sec- 


tion for the lowest attenuation frequency is given by the 
relationship 


(14) 


ie 


lay = (15) 


Selection of \y,, in accordance with the criteria of (12), 
insures that the resonances of the first, second, third, 
etc., type will overlap and form a continuous attenua- 
tion band provided that sufficient sections of lengths 
between /y,, and /,,, are incorporated to insure adequate 
attenuation over the band from },,, to Aw,. Between 10 
and 24 sections have been found to be adequate for fill- 
ing the band between these two extremes. The exact 
number is dependent on the ripple in the attenuation 
curve which can be tolerated. As a first approximation, 
linear interpolation of the lengths between the two ex- 
tremes has been found to be completely adequate if an 
adequate overlap is provided to account for tolerances. 
Alternately, sections spaced 0.5 to 1 per cent apart can 
be separately computed between ),,, and \az,. The spac- 
ing between the high insertion-loss sections is computed 
from TEio mode characteristics of the sections by the 
methods given by Vogelman.! This consists of computing 
quarter waveguide wavelength sections at the center 
frequency of the pass band between the equivalent steps 
corresponding to each of the high insertion loss sections. 
The resultant reflection loss at \, and dy is computed by 
the same method. If the insertion losses at the extremes 
of the pass band are too high, lengths of different values 
can be used to decrease these values at the expense of an 
increased insertion loss at the center frequency. 
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FILTER PERFORMANCE 


Filters designed by the method described have been 
constructed and measured. Fig. 2 is an example of the 
filter performance when too few sections are selected. 


n23 


il 


INSERTION LOSS IN db 


INN | Bees. 


‘ 9 10 " 12 rey “” is «” 
FREQUENCY IN KNC/S 


Fig. 2—Insertion loss performance of six-section filter. 


The original calculations were intended to cover the 
band from 10,000 to 11,000 mc in 0.900 X 0.400 ID wave- 
guide. The differences can be directly attributed to the 
mechanical tolerances and the 1 per cent accuracy of the 
equations. The 20-db insertion loss bandwidth of any 
section is between 75 and 100 mc for the lowest reso- 
nance mode (n=1). Dissymmetries in a section (as seen 
for section 4) result in a reduction of the peak attenua- 
tion of the section. For the higher resonance modes the 
dissymmetries are more pronounced and show them- 
selves as splittings of the absorption curves and extrane- 
ous resonance peaks. When seven more sections were 
added to this filter, resonant at intermediate frequencies 
in the band between 10,000 and 11,000 mc, the depth of 
the nulls in the lowest resonance mode was never less 
than 10 db, and for frequencies above 12,000 mc, never 
less than 25 db. When the total number of sections was 
increased to 20, the attenuation at all frequencies from 
10,000 to beyond 18,000 mc was greater than 40 db 
(Figs. 3 and 4). This filter was subjected to high power, 
with and without pressurization in the pass band at 
9450 +50 mc with the following results. 


No pressure: intermittent arcing at 350 kw. 
15-pound pressure: no arcing at over 700 kw. 


A single section was tested at its high insertion loss 
frequency at a power level of 50 kw. This is in excess of 
the reflected power that would cause magnetron break- 
down. No breakdown in the filter occurred. Since this 
value is much higher than the spurious output of useable 
transmitter tubes, no further testing was considered nec- 
essary. 


CONCLUSIONS 


The procedure for designing high-power microwave 
rejection filters using higher-order modes has been de- 
scribed. These filters appear most promising as an aid in 
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Fig. 3—Dimension and insertion loss performance of 
20-section filter. 
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Fig. 4—VSWR performance of 20-section filter. 


solving the major problems of radar-to-radar and radar- 
to-communications interference. In particular, the high 
insertion loss elements offer great promise in reducing 
the narrow-band spurious responses from radar mag- 
netrons, since the elements can easily be cascaded to 
give insertion losses at particular frequencies of over 100 
db and since the addition of matching structures for the 
pass band has no effect on the high insertion loss ele- 
ment. It has been found that cascading of filters de- 
signed in the manner indicated can give insertion losses 
as high as 120 db over a bandwidth of 40 per cent of 
the operating frequency. The power capability at fre- 
quencies in the pass band has proven to be equal to that 
encountered in normal waveguides with the usual 
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quantity of joints and bends. This type of filter, though 
designed specifically for the high-power use, will find ap- 
plication in the low-power field where high insertion loss 
is required. 


APPENDIX | 


For a real solution, the value under the radical of (15) 
establishes the requirement that 


Am, > Am, V0.8. (16) 


For the general case, for a continuous rejection band 
without holes 


Ame > Nees Wt = De (17) 
From (6) and (15), 
1 
Ne 3 
2n — 1)?\? 0.8 
(Gaeit 
An, We 
1 _ 
ln = LN? 
( ) — 0.8(2n — 1)? — 0.8. (18) 
any? 
From (6) and (14), 
as 1 
Amor 
ac (ae 0.8 
Aly, Am, 
\u, 
; (19) 


D aier aa rete 


If (16) is to hold, then substituting (18) and (19) in (16), 


1 i Ne 
(Qn— 1)? 0.8(2n — 1)?=0:8 _-(0,2(2n — 3)? 10.8) 
Nene Au? (20) 
.2(2n — 3)? + 0.8(2n — 1)? 
0:2(2n = 3)? 40.8( ) en 


(2n — 1)? 


< 4/0 o( 
soe “\Qn—1 


The maximum restriction occurs when 2n—3/2n—1 
is a minimum; 7.e., when 1 =2. 
Thus 


) +08 hm} > 2. (22) 


Nace ar 0182222 -SeX ni, (23) 


which proves (12). 
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A Method for Accurate Design of a Broad-Band 
Multibranch Waveguide Coupler* 


K. G. PATTERSON 


Summary—A new approach is made to the problem of tapering 
the branch impedances for broad-band performance. A taper is pro- 
posed, which, for a 3-db branch coupler, is shown to give much better 
results in theory and practice than the currently used binomial taper. 

Also, simple expressions are developed which enable the effects 
of waveguide junction discontinuities to be adequately corrected, 
thus allowing a greater accuracy in design to be achieved than was 
hitherto possible. 


List OF SYMBOLS 


\go= Guide wavelength at the midband fre- 
quency. 
fo=Midband frequency of a coupler. 
A,z=Normalized voltage vector (k=1, 2, 3 
or 4). 
I= Reflection coefficient. 
T = Transmission coefficient. 
Z,=nth branch guide impedance. 
Z,' =Corrected nth branch guide impedance. 
Zn =Zn/Zo, where Zp = main guide impedance. 
gal SL | Lo: 
Wore 1) Sq. 
g,=nth element of normalized prototype 
network in farads or henries with respect 
to unity impedance level. 
p, g =Constants. 
N=Total number of branches. 
A, B, C, D=Matrix parameters. 
j =Complex operator. 
a= Broad dimension of all guides. 
bo = Narrow dimension of main and auxiliary 
guides. 
b, = Narrow dimension of nth branch guide. 
jB = Equivalent susceptance. 
m? = Ideal transformer impedance ratio. 
6= Electrical line length in radians. 
dx, 1, = Displacement of reference planes. 
L, = Physical length of a branch guide. 
Dyn»=Spacing between branch guide centers 
(p=n+1). 
d = Free-space wavelength at a frequency f. 
f= Frequency. 
w= arf. 
Wo = 27fo. 


* Original manuscript received by the PGMTT 
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INTRODUCTION 


been written on the subject of directional couplers, 

notably by Riblet [1], Mumford [2],and Lippmann 
[3]; much of the theory presented therein is applicable 
to multi-element couplers employing branch lines or 
guides as coupling elements. These authors, however, 
were principally concerned with methods of analysis of 
the general multi-element coupler with ideal coupling 
elements; when practical design information on branch 
couplers is required, the engineer usually turns to the 
report by Harrison [5]. 

The section of Harrison’s report [5] which deals with 
branch couplers is based on a report by Lippmann [4] 
which is not generally available, and which is restricted 
in its scope. The essential problem of optimum taper of 
branch impedances is given scant consideration, and the 
problem of correction for the discontinuity effects at 
the 7-junctions is not accurately treated except for cer- 
tain waveguide sizes where Lippmann’s results [4] are 
quoted. 

This paper is concerned with these two problems and 
is intended to fill in the gaps in the present design tech- 
niques with the presentation of some simple and gen- 
erally applicable design equations. 


G be 1945, a considerable number of papers have 


TAPER OF BRANCH IMPEDANCES 


The branch waveguide coupler comprises a main 
guide coupled to an auxiliary guide of equal size by a 
number of branch guides (Fig. 1). The branch guides are 
usually series-connected by 7-junctions to the main and 
auxiliary guides; their narrow dimension may be varied 


MAIN GUIDE 


AUXILIARY GUIDE 
BRANCH GUIDE 


Fig. 1—Multibranch waveguide coupler, cross section. 
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according to the taper and coupling required; their 
broad dimension is made equal to that of the main and 
auxiliary guides. If the T-junctions are ideal; i.e., there 
are no waveguide discontinuity effects, the length of a 
branch guide will be \go/4, and the spacing between the 
corresponding points of adjacent guides will be \g/4 at 
the midband or design frequency. When the ratio of in- 
put power to power coupled to the auxiliary guide is 
3db, such a coupler has all the properties of a hybrid 
junction. 

There is a plane of symmetry between the main and 
auxiliary guides which bisects the branch guides trans- 
versely. Hence this type of coupler can be fully analyzed 
by the mode superposition method employed by Reed 
and Wheeler [7] and Young [8]. The substance of this 
method is that two related two-port circuits are derived 
from the coupler by first placing a magnetic and then 
an electric wall in the above mentioned plane of sym- 
metry. One two-port circuit comprises a number of 
_ Open-circuit stubs, and the other a number of short- 
circuit stubs, connected to the main or auxiliary guides 
(Fig. 2). At the midband frequency, these branch stubs 
will be Ago/8 long and spaced by \go/4 between center 
lines. The performance of the coupler can now be ex- 
pressed in terms of the properties of these derived two- 
port circuits. If the input to port 1 of the coupler is a 
voltage vector of unit amplitude, the emergent voltage 
vectors from the four ports of the coupler with each port 
_ properly matched are given by: 


A, = 3[T_+ Ty], (1) 
4, = 3(T_+ T,], (2) 
A; = 3|T_ — T+], (3) 
A,=3[T_—T4], (4) 


where the suffix — refers to the short-circuit stub cir- 
cuit, and the suffix + refers to the open-circuit stub 
circuit. 

Thus far, the development follows that of Reed and 
Wheeler [7]. At this point, the argument leading to the 
selection of a suitable taper can be taken up. 

Each two-port circuit can be replaced by an equiva- 
lent network of lumped elements. The Ago/8 stubs can 
be simulated by the appropriate capacitance or induct- 
ance over small percentage bandwidths, as shown in the 
Appendix. The \go/4 lengths between stubs act as im- 
pedance inverters; for simplification these will be as- 
sumed invariant with frequency. (This assumption is 
discussed later.) Hence the lumped networks of Fig. 
3(a) and 3(b) are obtained, which are equivalent to the 
two-port circuits of Fig. 2(a) and 2(b) respectively, for 
N odd. An additional shunt element would be required 
for Fig. 3(a) and 3(b) for NV even. 

The networks of Fig. 3(a) and 3(b) are, respectively, 
high-pass and low-pass ladder networks. The elements 
of each network may be tapered according to well- 
known network theory [10] by the same proportional- 
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Fig. 3—Lumped element equivalent circuits. 


ity, so that the insertion loss characteristic of each net- 
work is monotonic; 7.e., may be represented by a func- 
tion of the form 1+x2%, where x is a frequency variable. 
Then, for small values of insertion loss, the magnitude 
of the input reflection coefficient will approximate 
closely to a monotonic characteristic of the form x. 
Thus for the low-pass network, pr «w’N, where w’ is 
given by (47),and for thehigh-passnetwork, | Tay “1ja's, 
The values of T_ and IT, at fo for the networks equiva- 
lent to the coupler with branch impedance values given 
by (26) can be calculated from (14) and (21) to (23). 
They are 


(_),, = 0.0006(1 + 71) 
(Ty)s, = 0.0006(1 — 71). (5) 


The criterion of coupler performance to be studied 
here is the directivity, which may be expressed as 
| 43/Aal. | As| varies by <10 per cent over the 25 per 
cent frequency band of interest. This variation will not 
significantly affect the directivity. A, is given by (4) as 
the vector difference of [_ and I';. Therefore: 


| 4.{ > 4({T-| + | Ts ]). (6) 


|_| and |T',| can be written as: 


ar | or | r_l,.(=) } | T..| = [rs l(S) , (7) 


where | en = | Pil}, = 0.00085, and V=5. 
Hence, (6) may be written as 


| 44| < 0.00042 (=) ab (S a (8) 


For 
ae os. = io ete 0 ON 
J0 Wo 
and directivity 
A — 
Or 56 di fore *| < 005. 
4 fo 


These figures suggest that the so-called “maximally 
flat” taper when applied to 3-db branch couplers should 
give good results over the small frequency range for 
which the approximations are valid. 

This taper is given by well-known network theory for 
the high-pass ladder network of Fig. 3(a), as 


ine( 2a) ee (9) 
— = psin (2n Aye 


n 


and for the low-pass ladder network of Fig. 3(b), as 


_ 


Tv 
n = psin (2n — 1) — 10 
Sn = p sin ( es (10) 


where p is a constant determined by the equivalence of 
the lumped element networks to the waveguide circuits 
of Fig. 2. From either (9) or (10), the taper of branch im- 
pedances of the coupler is given by 


Tv 
Vhijy ise sin 2n — 1 = iat 
sin ( ) ON’ (11) 


where ¢ is a constant determined by the coupling ratio 
of the branch coupler. 

The main restriction to this argument lies in the as- 
sumption that the \g)/4 lengths between branches are 
frequency invariant. The results obtained, however, us- 
ing the sine taper of (11) for 3-db couplers, suggest that 
the approximations here are not worse than those made 
by classical binomial theory [12] of weak coupling and 
frequency invariant coupling elements. However, it is 
not expected that the approximations made in the fore- 
going analysis should be valid outside the range 
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| Ag — Ao 


Lo 


=< 021; 


and it must be presumed that the wide useful range of 


seein 
Bate < 0.2 


Ago 


obtained in the present instance with a sine taper is due 
to extra compensating effects not yet explained. 

The theoretical characteristics of Figs. 4-6 were cal- 
culated with the aid of an electronic computer, following 
Reed and Wheeler’s [7] method of analysis. Once the 
branch sizes are known—the analysis is straightforward, 
and there is no necessity to assume that branch length 
or branch spacing are frequency invariant. There is 
therefore no restriction in the theoretical calculations on 
that score, but the assumption is made that the 7-junc- 
tions are ideal; 7.e., without reactive discontinuities. 
However, as is shown in the succeeding sections of this 
paper, the effects of these discontinuities can be largely 
corrected in a practical design, so that measured char- 
acteristics should agree fairly well with the theoretical 
ones. The measured characteristics shown in Fig. 4 are 
of a 3-db coupler designed by the methods of this paper, 
but there the extent of the correction for discontinuity 
effects has been limited by the physical requirement for 
equal branch lengths. The agreement between measured 
and theoretical performance in this instance is only fair. 

Fig. 5 shows the theoretical performance of a five- 
branch 3-db coupler designed by Harrison’s method [5] 
with binomially tapered voltage coupling coefficients, 
the resultant branch impedance taper being somewhat 
“sharper” than binomial. The theoretical performance 
of a 3-db coupler with binomial taper of the branch im- 
pedances, actual branch size being found by the method 
given later in this paper, is shown in Fig. 6. It will be 
seen that the input match has improved over that of 
Fig. 5. This is part of a general trend of improvement 
that takes place when the binomial taper is “flattened” 
towards the values given by the sine taper of (11). An 
important fact is that the theoretical directivity is not 
infinite at midband for any of the tapers discussed here, 
least of all for the binomial taper of Fig. 5. This is not an 
error in calculation, and may be easily checked by using 
(19) and (21)-(23). This deficiency is avoided in the 
design method employed by Reed and Wheeler [7] 
and Young [8], which has been further developed by 
Reed [9]. In this method, two branch impedance values 
are determined by applying the two essential midband 
conditions for coupling and for directivity. Thus the 
midband performance is assured, but no broad-band 
condition is applied. 

It may be noted from Figs. 4-6 that the theoretical 
coupling characteristic shown as power division ratio, 
| A;/Ag| *, is not much affected by these changes of taper. 
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Fig. 5—Characteristics of branch coupler with binomial taper 
of voltage coupling coefficients. 


Fig. 4—Characteristics of branch coupler with sine taper. 
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Exact BRANCH IMPEDANCE 


The design methods of Harrison [5] and Crompton 
[6] consider the multi-element coupler as a cascaded 
series of two-element couplers. The coupling factor of 
the multi-element coupler is then found by a simple sum- 
mation of the power coupled by the two-element cou- 
plers. This method cannot easily be applied to other than 
binomial couplers and is strictly applicable only if the 
total coupling is weak. 

A more direct method, which avoids the above re- 
strictions and is generally applicable, is possible. It is 
based on Reed and Wheeler’s analysis, which can be de- 
veloped in the following manner. 

The transfer matrix of a lossless two-port circuit may 


be written as 
bea 
(emake 


taking Fig. 9 as a definition, so that the transmission and 
reflection coefficients of this circuit can be expressed as: 


eZ, 
laure ee Shae 
A+ 7B—jC — D 
Oe ere ttay) 
Let the matrix (12) apply in particular to the circuit of 
Fig. 2(a) with open-circuit stubs, at the midband fre- 


quency. Then the corresponding matrix of the circuit 
of Fig. 2(b) with short-circuit stubs can be shown to be 


ae 
-—jC DJ’ 


when there are an odd number of stubs. With an even 
number of stubs, both A and D change sign; the expres- 
sions for A; are the same as for the odd-number case ex- 
cept for an interchange of Az and A3. 

The tapers considered here yield a circuit which is 
symmetrical end for end; hence, 


A=D 
and (1)—(4) can be developed as 


(12) 


Ge 


(13) 


(14) 


(15) 


At fe (Bence), (16) 
Ae eA 4D); (17) 
Az = z B= C 
Steet R? ( > ie (18) 
al 
Ay= a; (A + D)(B + C);. (19) 


where 
R= CA =D)? (Ba C)*. 


The power balance at midband can now be expressed as 
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2 


A3 . (20) 


2. 


As 
tseASEGSD 


for the coupler with an odd number of branches, and as 
the reciprocal of this when there are an even number of 
branches. 

As a specific example, the foregoing ideas will be ap- 
plied to the design of a five-branch 3-db coupler. 

Let the normalized branch impedances be, in order, 


Bt. CPST ese SSIs 


When the component matrices are multiplied out, the 
elements of the matrix (12) are found to be, at fo: 


A= D= (2122 — 1) (g22z3 = 2) == AM (21) 
B= (2122 = 1) (22; + 23 — 212223), (22) 
C = 20(ze23 — 2). (23)3 


When the impedance taper is known, the matrix ele- 
ments can be expressed in terms of 2, or any one-branch 
impedance. The sine taper given by (11) applied to five 
branches gives 


Z2 = 2.6182; 23 = 3.2362}. (24) 
Hence, 
Az 59.236 — 22.18z;? + 11.092;4 
= Z1° . (25) 
As 1.000 — 13.712,;? + 22.182,4 


For a 3-db coupler: 


A; 
| = 1.000, 
Ao 

and (25) can be solved for 2. It is not a difficult equa- 
tion to solve, bearing in mind that only the smallest root 
(of the order of 0.1) is required. The method of iterative 


approximation is adequate. The resultant values for gp 
are 


a = 0.1488 
z2 = 0.3896}. (26) 


These values will need to be corrected for the effect of 
the 7-junction discontinuities. The necessary correction 
is given by (33), which can be stated as 


apes ii (27) 
2 APE: 

m* sin 6 

where 2z,’ is the corrected value and m?, @ are found as 
shown later. 


The narrow dimension 6, of the nth branch guide is 
found from the relation: 


bn 
Zn! Ss 


7 (28) 


where bo is the narrow dimension of main and auxiliary 
guides. 
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EXxAcT BRANCH LENGTH 


The existance of reactive discontinuity effects at the 
junction of a branch guide with main or auxiliary guides 
considerably modifies the performance of the branch 
guide. The effective size of a branch guide connected be- 
tween two open E-plane junctions, which are commonly 
used in branch couplers, may be derived as follows. 

Following Marcuvitz [11], the E-plane junction of 
Fig. 7(a) may be represented by the lumped equivalent 
network of Fig. 7(b), with suitable choice of reference 
planes 7; and 7». Values are given by Marcuvitz [11] 
for all the necessary parameters, but it has been pointed 
out to this author that the family parameter b/\g oc- 
curring inside the graphs of all Marcuvitz’ E-plane 
curves should be altered to 26/Xg. 

Let a branch guide of surge impedance Z,’ be con- 
nected between two such junctions and let the electrical 
length of the branch guide measured between the corre- 
sponding terminal planes 7; of the junctions be @ radians. 
The lumped equivalent circuit of a branch guide can 
now be drawn, including the equivalent parameters of 
the junctions, the susceptances 7B and ideal transform- 
ers of impedance ratio m?, as shown in Fig. 8. 

Defining the transfer matrix as in Fig. 9, the transfer 
matrix M, of the network of Fig. 8, assuming lossless 
components, is given by 


cos 6 — BZ,’ sin 6 ge Asin 8 


M,= jl 22 cos 6 + (= — Ba) sin | net 2o) 
cos 6 — BZ," sin 6 
writing 
Zn! = wZ,'. (30) 


With discontinuity effects the branch guide would be 
of length \go/4 and of surge impedance Z,, for instance. 
The transfer matrix M2 of the equivalent line network is 


O. 872; 
M,=| j (31) 
y} ‘el 0 
Ln, 
The matrices WM, and M2 become identical if 
Cos 0 BZ n (32) 
and 
Ls 
Z, = (33) 
sin 6 


This follows by equating A and B elements and sub- 
stituting these results in the C elements. 

Initially only Z,, the surge impedance of a branch 
guide between ideal junctions, is known. However, the 
actual values required, Z,’ and 0, can be found quite 
easily by successive approximation using (30), (32), and 
(33). One or two iterations are usually sufficient. 
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Fig. 7—Open £-plane waveguide junction (cross section), 
and lumped equivalent circuit. 


RIE IE] 


Fig. 9—Transfer matrix definition. 


The exact length, Z, (Fig. 1), of a branch guide is 
given by 


(34) 


where /, is the displacement of the reference plane 7; 
(Fig. 7). 

The author has found that the lengths obtained by 
these means for the larger branch guides of a five-branch 
3-db coupler are almost exact. The approximate expres- 
sion given by Harrison [5] for the quantity Ln, viz., 


bo ) (35) 
A Roy Ai. 


has been found to predict values which are 6 per cent 
short. 


BRANCH SPACING 


Little manipulation is required to obtain this quan- 
tity. The spacing D,, between center lines of adjacent 
branch guides is given by 
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d 
Dae = aes (36) 


where p=n+1 and 2d, is the distance between the refer- 
ence planes 7» (Fig. 7), of the mth branch guide junc- 
tion. 


COMPARISON OF THEORETICAL AND 
PRACTICAL DESIGN 


A five-branch coupler was designed by the foregoing 
methods with main and auxiliary guide dimensions of 
1.372 inches X0.622 inch. The branch impedances fol- 
lowed the sine taper of (11). For comparison with a 
coupler actually constructed, the coupling loss at the 
midband frequency of 6200 mc has been made 2.90 db; 
t.e., the power division ratio | A3/Ao| = 0-22-d bs, bins 
necessitates a recalculation of the values for z, given by 
(26). These become 


z, = 0.1513 
zo = 0.3958}. (37) 
z, = 0.4892 


The final calculated dimensions are given in Table I. 


TABLE I 


(Xgo/4 =0.661 inch) 


n Si L,, (inches) Dn» (inches) 
iS) 0.156 0.572 0.669 
2,4 0.435 0.499 0.679 

3 0.556 0.484 — 


In order to simplify the mechanical design, it is com- 
mon practice to make all branch arms the same length, 
choosing a power-weighted average of the correct branch 
lengths; 2.e., ) 


Dy en2Ln 
> ae 


For the design of Table I, this common length would be 
about 0.496 inch. In an actual five-branch coupler with 
the dimensions given in Table II designed with a sine 
taper of branch impedances, the branch length required 
to center the power division characteristic at 6200 mc 
was found to be 0.496 inch. The agreement is fortui- 
tous; an error of at least 1 per cent might be expected. 
The measured power division ratio, | A3/A.|*, was 0.2 
db at midband, 6200 me. 

The practical values of branch impedance should be 
related to the theoretical values of (37) by the previ- 
ously used relation (33), restated as 


a 
ry 
/ n 


sin Qa Ln/ £0 


(38) 


where L, is given the same value for each branch of 
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0.496 inch, and gz, is given by (37). Hence at the mid- 
band frequency of 6200 mc: 


an 


~ 0,924 


(39) 


pa 


This is a short cut on the design (27), the parameter m? 
having been eliminated together with its associated line 
length /,. 

TABLE II 


(Ago/4 =0.661 inch) 


n Sat Zn/0.924 Ly (inches) |Dnp (inches) 
1S 0.165 0.163 0.496 0.668 
Do 0.436 0.428 0.496 0.679 

3 0.536 0.529 0.496 — 


The actual value of z,’ required differs by 2 per cent 
or less from the value predicted by (39). 

Fig. 4 shows the directivity and coupling characteris- 
tics of a coupler made to the dimensions given in Table 
II and measured with all output ports terminated by 
loads with less than 0.005 reflection coefficient. 

With incomplete correction of junction discontinuity 
effects, due to using a common branch length, the meas- 
ured performance would not be expected to equal the 
theoretical performance. Nevertheless, it is considerably 
better than the theoretical performance of the binomial 
couplers. 


CONCLUSION 


A considerable improvement, which is particularly 
applicable to 3-db couplers, can easily be made on the 
currently used binomial design of branch couplers. 

The practical values of Table II differ from the pre- 
dicted values by <2 per cent in branch length and 
about 2 per cent in branch impedance. This is equivalent 
to <1 per cent difference in midband frequency, and 
about 0.3 db in power division ratio, | 43/A2|2, at mid- 
band. 


APPENDIX 
Lumped Element Equivalence 


The normalized input reactance z; of a short-circuit 
waveguide stub may be expressed as 


2; = Z, tan 6/2, 


Differentiating with respect to frequency f, 


dz; e dé dXg dr 

— = — sec? — / ey eee (40) 

df dyg dv df 

and since 

dé 6 
a 41 
dXg Ag (41) 
dg dg\? 
dy a 
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df iy 
then 
dz; " / 6 Ag 2 
— = — sec? 9/2.-—.-| — 44 
; ee a 
When f=fo (6200 mc), 
IN 2 
(-*) =) sand 6 = i. ) 
r D 
(=) TSn 
pees = . 45 
df f=fo y : 


Thus, to a first-order approximation valid over a 
small frequency range around fo, the slope of 2; is linear 
and positive with frequency, and hence the short-circuit 
stub can be represented as an inductance Ly, in con- 
junction with a certain frequency variable, w’, given by 


#n (henries, with respect to unity 
@ impedance level), 


®W — Wo 
of = on(1 4 2), 
Wo 


A similar argument applies to the open-circuit stubs, 
the slope of the input admittance being linear and posi- 
tive with frequency to a first-order approximation so 


(47) 
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that the open-circuit stub can be represented as a 


capacity C,, in conjunction with the frequency trans- 
formation of (47). C, is given by 


C, 3» (farads, with respect to unity 


w) impedance level). (48) 
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The Analogy between the Weiss- 
floch Transformer and the Ideal At- 
tenuator (Reflection Coefficient 
Transformer) and an Extension 

to Include the General Lossy 
Two-Port* 


Weissfloch’s transformer theorem states 
that at certain pairs of reference planes a 
lossless two-port can be represented by an 
ideal transformer. There are many proofs 
of this important theorem. One of the most 
interesting is due to Bolinder,1 who uses 
properties of the bilinear transformation. 
For lossless two-ports, the transformations 
will belong to the Fuchsian? group. This 


* Received by the PGMTT, February, 1959; 
revised, March, 1959. ae 

1, F. Bolinder, “Impedance and polarization— 
ratio transformations by a graphical method using 
the isometric circles,” IRE TRANS. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-4, pp. 176- 
180; July, 1956. ‘ 

2L, R. Ford, “Automorphic Functions,” 2nd ed., 
Chelsea Publishing Co., New York, N. Y.; 1951. 


means that the isometric! circles are orthog- 
onal to the principal circle. In the reflection 
coefficient plane (where Bolinder proves the 
theorem), the principal circle is the unit 
circle. The fixed points of the transforma- 
tion will be on the unit circle or in a pair 
inverse with respect to the unit circle. 
Bolinder then uses lengths of lossless line to 
move the fixed points to the positions 
T=+1. In the impedance plane this cor- 
responds to fixed points of 0 and ». There- 
fore the transformation can be written as 
Z'=kZ and the transformer theorem is 
proven. The transformation through the 
two-port at any pair of reference planes, in 
either the reflection coefficient or the impe- 
dance plane, can be done by inversion in the 
isometric circles and a reflection in the line 
of symmetry,’ as described by Ford? and 
Bolinder.} 

The reflection coefficient transformer- 
(ideal attenuator), described by Altschulter 


3 If the transformation is loxodromic, a rotation 
must be added. 


and Kahn,‘ has a scattering matrix 


fete € i 
Pw 

where K is a real number and, for an attenua- 
tor, less than unity. The transformation in 
the reflection coefficient plane is T’=K°P, 
while in the impedance plane the cor- 
responding relation is 

Z(1 + K?) te (1 — K?) 
4: 2K 2K 
7 ZK) | 1+ K? 

2K 2K 


The fixed points of this transformation are 
+1 in the impedance plane and 0 and © 
in the reflection coefficient plane. Both 
transformers produce hyperbolic transfor- 


4H. M. Altschulter and W. K. Kahn, “Nonrecipro- 
cal two-ports represented by modified Wheeler net- 
works,” IRE Trans. ON MICROWAVE THEORY AND 
TECHNIQUES, vol. MTT-4, pp. 228-233; October, 
1956. 
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mations, since the trace of the normalized 
transformation is real and its magnitude is 
greater than two. At the proper reference 
planes (where the transformations are the 
same), problems involving one of the two- 
ports per se in the impedance plane can be 
solved considering the other two-port in the 
reflection coefficient plane. It should be 
pointed out that analogy will fail when the 
reference planes are moved, because for the 
loss-less two-port the transformation is 
always nonloxodromic, while for the ideal at- 
tenuator the transformation will become, 
in general, loxodromic. It is also of interest 
to note that the fixed points of the reflection 
coefficient transformer are independent of 
the choice of reference planes. 

In the general case of a lossy two-port, 
it is shown in the Appendix that pairs of 
reference planes can be found where the 
transformation is nonloxodromic. At these 
reference terminals the lossy two-port will 
be analogous to the lossless two-port which 
has the same fixed points in the reflection 
coefficient plane and which has the same 
multipliers of the transformations in canoni- 
cal? form. This is true for all hyperbolic 
transformations where the two fixed points 
(the iterative impedances) have the same 
magnitude, all parabolic transformations 
(which have only one fixed point), and all 
elliptic transformations where the phase 
angles of the fixed points are equal. This 
class of transformation includes all symmet- 
ric networks with positive resistive com- 
ponents. Therefore, for this special class of 
lossy networks (eacj at its proper pair of 
reference planes) the transformations belong 
to the Fuchsian group. Therefore, any of the 
several lossy networks can be “replaced” (in 
the sense that it has the same transforma- 
tion) by an “analogous” lossless network. 
If the fixed points in the impedance plane 
for a hyperbolic transformation do not have 
equal magnitude, then a transformation is 
used to map the fixed points in the imped- 
ance plane into fixed points in the new 
W plane with magnitude equal to unity and 
for convenience equal to +1. In this W 
plane, the analogy with the lossless two- 
port in the T plane holds. Similarly, for the 
elliptic transformation, the fixed points in 
the impedance plane are moved to points 
inverse with the unit circle and an “anal- 
ogous” elliptic lossless network can be 
found. Therefore, it has been shown that 
any lossy two-port can be “replaced” by an 
“analogous” lossless network. 


AN ALTERNATE VIEWPOINT 


If the constructions for the isometric 
circle method becomes unwieldy because of 
the unbounded nature of Euclidean space, 
the impedance and/or the reflection coeffi- 
cient planes can be transformed into the 
Cayley-Klein diagram (projective chart), 
which has hyperbolic measure. The required 
transformations are described by Bolinder® 


5 There is an exception when either k or K is unity, 
but this is lossless uniform line, which is a trivial case, 

Utd, F. Bolinder, “Graphical methods for trans- 
forming impedances through lossless networks by the 
Cayley-Klein diagram,” Acta Pol. Elec, Engrg. 
Series, vol. 7, no. 5; 1956, 
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and Deschamps.’ The transformation of im- 
pedances through lossless networks has 
been treated by Bolinder.® By analogy, the 
transformation of reflection coefficients 
through the “equivalent lossless” network is 
identical. Of course, it may be found by the 
user that the extended method (using the 
Cayley-Klein Diagram) is simpler. This may 
be true if Deschamps’? hyperbolic pro- 
tractor is available. 


Example 


The symmetrical resistive network (re- 
flection coefficient transformer) shown will 
be considered in an illustration of the meth- 
od (see Fig. 1). The resistance values were 


v2—-| 


— 


Z! 


October 


work is a transformer in the Z plane, whose 
Z matrix does not exist. Its A, B, C, D matrix 
1S 
4 +1 0 ) 
0 nf = Tf 


APPENDIX 
In general, 


(Sie? — SipSo2)T Su 


r= Sie Sie = ar + b 
Soot 1 T+d 
~ Sig Sie 
(ad — bc) = 1 


v2 —| 


Fig. 1—Reflection coefficient transformer with arbitrary load. 


chosen to locate the fixed points (iterative 
impedances) at +1 on the unit circle. If 
this were not the case, the impedance level 
could be adjusted. The input impedance is 
found to be: 


,_ V2Z41 
— £4+2 


If this is compared with relation (1) 
of the Appendix, an analogous transforma- 
tion, 


pee bebe 
T+ 1/2 
may be written if 
1 1 1 
Cees arr: See 
_ | Siz 


where 

= | Su| Pu 
Si = | Sis| ei Pi 
Soo —— | S22 | ei Dre, 


Now, if we move reference planes 1 and 2 
by electrical distances 6; and 62 along loss- 
less lines, respectively,® 


Su’ = | Su] eye 
Sie’ = | Sio| ef @,ter+e) 


Soo! = | See | e} (Bayt 262) | 


Let Y=@+62 (an electrical length of trans- 
mission line), and compute a+d 


2 @dist2¥) — | Sy Soo | ef @utdat) + 1 


a+d 


tany = 


| Sis | ei Dy,¥) 


For the transformation to be nonloxodromic, 
a-+d has to be real. Setting the imaginary 
part to zero, the result is 


(1 = | Sie |2) sin Oe + | SiSis | sin (®u + Doo — 1») : 


(| Siz |? — 1) cos is — | SuS22| cos (Gu + 22 — Bie) 


It is noted that the analogous network is 
lossless, since its scattering matrix is uni- 
tary. While the original network is a trans- 
former in the T plane, the analogous net- 


UG, A, Deschamps, “New chart for the solution 
of transmission-line and polarization problems,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, 
vol. MTT-1, pp. 5-13; March, 1953. 
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Comments* on “Some Notes on 
Strip Transmission Line and 
Waveguide Multiplexers”! 


Use of two tuning screws through the 

ground planes of a strip-line cavity resona- 
tor can excite the parallel plane TEM mode 
unless both screws are equidistant from the 
center conductor, rendering this method of 
tuning quite unattractive. A single tuning 
screw parallel to and midway between the 
ground planes is the better way of tuning a 
stripline cavity resonator. 
_ The implication that a Tchebycheff re- 
sponse shape is preferable to the Butter- 
worth response shape merely on the sole 
criteria of sharper skirt selectivity is de- 
batable. Butterworth filters are simpler to 
design, have more favorable phase responses, 
and are easier to align. Furthermore, Butter- 
worth filters are superior when designing 
narrow band filters for minimum insertion 
loss.” 

We are currently using direct-coupled 
waveguide resonant cavity filters and have 
found them to be quite satisfactory. These 
filters employ five cavity resonators with 
bandwidths of about 3 per cent in frequency 
(This corresponds to a filter Q of 33.) Use of 
quarter-wave coupled cavities would in- 
crease over-all filter length by a factor of two, 
while use of quarter-wave coupled resonant 
elements would result in intolerable filter 
insertion losses. It should also be noted that 
quarter-wave coupled waveguide filters 
usually employ nominal $\, connecting lines, 
since use of \,/4 connecting lines and cen- 

tered inductive coupling posts will cause 
appreciable higher-mode interaction be- 
tween adjacent resonators. No general state- 
ment can be made concerning the relative 
merits of direct-coupled and quarter-wave 
coupled filters. Percentage bandwidth, physi- 
cal size, construction cost, and other factors 
must be carefully considered in each specific 
filter application. 
RicHARD M. KuRrzZROK 
Surface Communications Systems Lab. 
RCA Defense Electronic Products Div. 
New York, N. Y. 


* Received by the PGMTT, March 18, 1959. 

1D, Alstadter and E. O. Houseman, Jr., 1958 
WESCON CoNVENTION RECORD, pt. 1, pp. 54-69. 

2J. J. Taub and B. F. Bogner, “Design of three- 
resonator dissipative band-pass filters having mini- 
mum insertion loss,” Proc. IRE, vol. 45, pp. 681-687; 
May, 1957. 


The Representation of Impedances 
with Negative Real Parts in the 
Projective Chart* 

Ina previous note [1] the authors consid- 
ered the representation of active networks in 


the reflection coefficient chart. The projective 
chart [2] is obtained from a stereographic pro- 


* Received by the PGMTT, April 28, 1959. 
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jection onto a unit sphere and then from an 
orthographic projection from the sphere. It 
is immediately obvious that reflectances 
whose magnitude is greater than unity will 
lie within the unit circle of the projective 
chart. Therefore, each will coincide with 
another reflectance whose magnitude is less 
than unity. 

From intuitive reasoning it is apparent 
the reflectances which share the same point 
in the projective chart are re/® and (1/r)ei®. 
To show this analytically one determines the 
hyperbolic distance in the projective chart 
as proportional to the logarithm of the 
cross ratio. When the points! 7 and 1/r are 
transformed algebraically, the cross ratios 
are negatives (but both are real) and the 
hyperbolic distance of the reflectance whose 
magnitude is greater than unity is complex. 
The imaginary component of the distance 
arises because of the ultra-infinite end point 
of the measured distance. The real parts of 
both distances are equal, since the projective 
chart cannot indicate the j direction which is 
perpendicular to the plane of the projective 
chart (they are the same point). This may 
be seen by using the Riemann sphere as 
described by Bolinder [3] to visualize that 
the positive and negative resistance values 
are on different halves of the sphere and 
that the orthographic projection is perpen- 
dicular to the dividing equator and hence 
cannot differentiate between real conjugate 
impedances or reflectances which are inverse 
with respect to the unit circle. The equiva- 
lence between the inverse reflectances can 
also be seen by constructions in the plane 
by using the circle of inversion [4]. This 
leads to a modification of the 6 transforma- 
tion of Deschamps which is shown in Fig. 1. 


—-—- B or B'' Transformation 


eee —Additional Part of Modified 8 and 
Modified B-! Transformation 


Fig. 1—Modified 6 and modified 8 transformation. 


Therefore, it is seen that the projective 
chart can be used to represent active net- 
works by using the points of the real con- 
jugate of the impedance or the reflectance 
that is inverse with respect to the unit 
circle. 
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Design Calculations for UHF 
Ferrite Circulators* 


The recent advances in low-noise ampli- 
fier work for communications systems has 
created an additional demand for circulators; 
in this case, to prevent receiver noise from 
returning to the low-noise amplifier. In the 
range of frequencies greater than 2000 mc, 
ferrite circulators have been developed in 
circular and rectangular waveguides. How- 
ever, in the UHF region, which is a range 
of frequencies of increasing interest and im- 
portance in communications, ferrite circu- 
lators present a problem in the sense that 
ordinary waveguides needed in this range 
are prohibitively large for practical use. 
Button! of Lincoln Laboratory and Seidel? 
of Bell Telephone Laboratories have pointed 
a way around this difficulty by considering 
a TEM structure (a coax) loaded anti- 
symmetrically with dielectric material and 
ferrite. This configuration provides for the 
longitudinal component of RF magnetic 
field necessary for nonreciprocity in the 
phase constant.? The essentially TEM na- 
ture of the device allows use of reasonably 
small, practical cross-sectional areas. The 
parallel-plate analog analysis presented in 
Button’s paper leads to a transcendental 
equation for the phase constant which we 
present below for convenience, together 
with an example of the structure (see Fig. 1). 


DIELECTRIC Ke 


Fig. 1—Cross section of coaxial phase shifter. 
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M=(6?G?—km’p*) cos Raa sin Rb 
—Re sin Raa [Rm cos a) 


+78G sin kmd] 
N=khalka sin kaa sin md 


—cos kat (km p COS kmd —J8G sin kms) | 


G=p/6 
ee K 
ee pe— Ke? 
= —ju/k 
ArMsyfo 4nM syf 
w=1+ ices ; 
Jc —f? ty —f? 
fo=yHac 


Hac=static magentic field applied to 
ferrite 
y=2.8X10® cps-oersted 
fo=ferrite resonant frequency 
f=RF frequency 
47Mg=saturation magnetization of the 
ferrite 
6=ferrite slab thickness 
2a=width of empty region 
L=mean value of circumference of 
inner and outer conductors of 
coax 


2 


k= K.—-62 


w=2nf 
c=speed of light in vacuum 
K.=dielectric constant of dielectric 
slab 
8=phase constant 


2 
@ 
Beas = 6? 


Ky =dielectric constant of ferrite 


We carried out computer solutions of the 
transcendental equation (1) for the differ- 
ential phase shift 6,;—6_ in the frequency 
range 400-440 mc. Our operating conditions 
were chosen in the following way. Calcula- 
tions were made by Button! on a 2000-mc 
coaxial ferrite phase shifter. We scaled,’ in 
a very approximate way, his operating con- 
ditions down to 400 mc. Thus we chose a 
ferrite slab thickness 6=2 cm (correspond- 
ing to Button’s choice 0.425 cm), an empty 
space region 2a =26 cm vs Button’s 5.7 cm, 
a ferrite magnetization 450 gauss vs But- 
ton’s 800 gauss (procurement of required 
200-gauss ferrite is not presently possible, 
so we chsse the lowest reasonable value for 
4xMsg),and adc magnetic field of 100 oersteds 


2S. Weisbaum and H, Seidel, Bell Sys. Tech J 
vol. 35, p. 877; July, 1956. 
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vs Button’s 275 oersteds. We chose a large 
dielectric constant K,=15 in order to attain 
large nonreciprocal phase shift. The dielec- 
tric constant of the ferrite was taken to be 
10. Eq. (1) was then solved for 8—8- as a 
function of L for three sets of a, 6: a=15 cm, 
6=2 cm; a=15 cm, 6=1.6 cm; a=13 cm, 
§=2 cm. The results are shown in Fig. 2 
at 400 mc for Hy=100 oersteds. Practical 
coax is designed with a mean circumference 
of 33.9 cm and for this value, Fig. 2 shows 
the largest differential phase shift will occur 
for the set a=13 cm, 6=2 cm (even larger 
AB will occur for still smaller a). 


#=400 MCPS 


Hot 100 OERSTEDS 
411M,* 450 GAUSS. 
Ker lS 


30 40 50 60 70 80 30 40 $0 60 70 80 


u (cm) —— 


Fig. 2. 
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Keeping a=13 cm, 6=2 cm, we then 
varied the dc field Hp between 50 and 152 
oersteds and also varied f between 400 and 
440 mc and solved (1) for 8,—8_ for these 
varying conditions. Fig. 3 shows typical re- 
sults, 8, and B_ vs L, when Hp = 145 oersteds 
and f is varied. This graph yields Af vs f for 
a given L (33.9 cm) and a given Ho. Allowing 
Hp to take on different values then leads to 
Fig. 4, which shows A vs f for 3 de fields. 
From this figure, we see that best broad- 
banding is obtained for a de field Hp=145 
oersteds. The A8 attained for these condi- 
tions is about 0.250 radian/cm leading toa 
circulator (AB=m radians; /=length of 
circulator) about 5 inches long. The varia- 
tion in Ag in the 400 to 440-mc range for the 
145-oersted field is about +1.3 per cent. 
This degree of broadbanding in AB leads to a 
minimum of 33-db isolation between circula- 
tor arms. 

To summarize, Button’s theory for the 
coax configuration when applied to the 400- 
to 440-mc band leads to the following design 
parameters (see Fig. 1): 


ferrite slab thickness 5=2 cm 

air region = 2a =26 cm 

ferrite magnetization =450 gauss 

dc magnetic field =145 oersteds 

mean circumference of coax =33.9 cm 
dielectric constant =15 

length of coax=5 inches 


isolation between arms>33 db over the 
band 


It should be mentioned that 1) a more 
exhaustive investigation of the a and 8 pa- 
rameters might lead to larger AB and therefore 
even more compact structure, 2) the above 
design parameters can serve as the basis for 
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Fig. 4. 


design of coax circulators in other fre- 
quency bands by scaling. 

It also should be mentioned that the 
theory used here predicts nothing about the 
insertion loss of the device. However, we 
may note that the resonance condition for 
this structure [obtained by letting B—- in 
the transcendental equation (1)] is p+x 
=—1 or fresonance = ¥(Hae+2rM). Thus for 
H)=145 oersteds, 27M =225 gauss, and 
= : cycles 
ieee second oersted 
we have fresonce* 1000 mc, well above the 
operating range 400 to 440 mc. Thus, the 
device should have reasonably small inser- 
tion loss. 

We should like to thank Dr. Button for 
access to a prepublication copy of his work 
and for several stimulating discussions with 
him. He was also kind enough to read this 
paper and offer criticisms and suggestions 
before publication. The programming and 
calculations were performed by Mrs. S. 
Zucker of RCA, and her competent work is 
gratefully acknowledged. 

H. Boyet 
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Discussion on Optimum 
Bead Spacing* 


Mr. Dettinger’s article! on the optimum 
spacing of bead supports in coaxial trans- 
mission lines is too sanguine as to the per- 
formance which will result. He states that 
an array of M beads arranged according to 
his theory will result in a total reflection co- 
efficient of no more than 4/MT> where Ip is 
the reflection of one bead. In his Fig. 5 he 
shows a chart of the reflection of four beads 
equally spaced and the reduced reflection 
which he hopes will result from application 
of his rule. The case where there are four 
beads will result for equal spacing in a maxi- 
mum value of 41%, and from his theory for 
progressive spacing it should be possible to 
arrange the beads so that the maximum 
possible reflection is only 21. 

Assume that the reflection of each bead 
in Fig. 1 is very small so that the total re- 


S 


Correspondence 


peaks in a limited frequency band for a long 
coaxial transmission line made up of many 
identical sections. The idea of the limited 
band was discussed in the text and figures, 
but was not explicitly restated in the sum- 
mary or in the conclusions. 

Mr. Reed has presented a concept re- 
garding the average reflection from any 
number of beads arbitrarily dispersed along 
a line. This concept is only incidentally re- 
lated to the subject of my paper, in that it 
considers neither the actual envelope of re- 
flection peaks nor the possibility of reducing 
the envelope in a limited frequency band by 
the use of a controlled dispersal of beads in 
each section. 

However, he has raised a philosophical 
issue. The question might be stated—Can 
the maximum value of a varying function 
be equal to its average value under any 
circumstances? I believe that the answer is 
yes in the special case where the maxima 


Lg grate — 4» 


Fig 


flection of the array of beads can be found 
by simple vector addition of the reflections 
of the individual beads. Also assume that the 
reflection from each bead is invariant with 
frequency and the differences in bead spac- 
ing @ and 6 are constant with frequency. 
Then the reflection patterns of Figs. 2 and 5 
of Mr. Dettinger’s article become equivalent 
to plotting the pattern as a function of 
phase angle ¢ instead of frequency. 

If now the value of the total reflection 
coefficient T; as a function of ¢ is computed 
and this value is squared it will be found 
that the average value of this power re- 
flected computed for one cycle is exactly 
MY,?. In this case 1 =4 but the statement 
is true for any M and is independent of a 
and b. Now let us imagine that we are able 
to space an assembly of beads so that the 
total reflection coefficient has a constant 
value over a cycle of ¢. Of course this con- 
stant value of reflection coefficient would 
have to be »/ MIo. But this is just the value 
of reflection coefficient which Mr. Dettinger 
claims is the peak for his spacing. 

JOHN REED 
Wayland Laboratory 
Raytheon Co, 
Wayland, Mass. 


Author’s Comment? 


I am sorry that the objectives of my 
paper were not clear to Mr. Reed. My goal 
was to reduce the envelope of reflection 


* Received by the PGMTT, March, 1959. 

1D, Dettinger, “The optimum spacing of bead 
supports in coaxial line at microwave frequencies,” 
1957 IRE CONVENTION RECcORD, vol. 5, pt. I, pp. 
250-253. 

2 Received by the PGMTT, April, 1959. 


are measured in a frequency band which is 
narrow in comparison with the band over 
which the average is computed. This hap- 
pens to be the very case we are considering. 
The bandwidth of reduced reflection en- 
velope is necessarily limited by the require- 
ment that the progressive increment remain 
close to its nominal design value, whereas 
the average reflection would be computed 
over a much wider band. Therefore, I believe 
that the two concepts are not inconsistent. 
Instead, Mr. Reed’s work has yielded the 
interesting observation that the reflection 
may “pile up” in other parts of the fre- 
quency band. 

It is perhaps necessary to point out that 
in his second sentence Mr. Reed has mis- 
stated my formula for the predicted reduc- 
tion of reflection envelope. The relation he 
gives, »/ MT», is a simplified form obtained 
only for the case where /, the number of 
beads per section, is equal to N, the total 
number of beads in the array; in short, for 
one section. The general form would be 
NYo/-/M. This formula is not intended to 
apply to the case of one section and would 
require modification for that use. 

As was indicated in my paper, a com- 
plete mathematical analysis of the progres- 
sive dispersal across a wide frequency band 
has not been achieved. It has been sug- 
gested that the solution may be arrived at 
through conventional antenna array theory. 
I hope to carry this through when time per- 
mits. In the meantime, I should welcome 
any contribution of another worker, such 
as Mr. Reed, to the mathematical solution 
of a relation which has been verified experi- 
mentally. 


DAVID DETTINGER 
Wheeler Labs. 
Great Neck, N. Y. 
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Concerning Riblet’s Theorem* 


I would like to add yet another com- 
ment”? concerning Riblet’s theorem. Ozaki’s 
impedance function 


2p? + 2p Rie 
3p +1 
which satisfies an equation of the form 
mi(p)me(p) — m(p)ne(p) = C(1 — 2) (2) 


(with C=4 and n=1), can be realized in 
many ways, of which only four are shown 
in Fig. 1. [Type (b) was the only one given 
by Ozaki and his numerical solution was 
incorrect. ] 

As is well known in lumped constant 
network theory, for a driving point imped- 
ance Z(p) to be physically realizable, the 
degrees of its numerator and denominator 
polynomials can differ by at most unity. The 
same property carries over to resistor-trans- 
mission-line circuits by Richards’ transfor- 
mation.‘ It follows from Riblet’s proof® of 
his theorem, that a rational impedance func- 
tion Z(p) which is positive real and satisfies 
an equation of the form (2) can be realized 
as a cascade of » equal-line sections termi- 
nated in a resistance and possibly one stub, 
as in Ozaki’s example. As with the three 
circuits (a), (b) and (c) of Fig. 1, it can be 
seen that in general, if one stub appears at 
the termination, it can be moved in whole 
or in part, and placed at any one junction 
or shared out between several junctions any- 
where along the cascade of lines. (Of course 
the characteristic impedances of the cas- 
caded lines will change as the stubs are 
passed over them, but there will always be 
just 2 cascaded line sections, whereas the 
number of stubs may be changed.) The 
form Z(p) determines the minimum number 
of stubs required, and Riblet’s theorem may 
be generalized as follows: 


Z(p) = (1) 


“The necessary and sufficient conditions 
that a rational function of p, written in 
its lowest form, 


_ mi(p) + m(P) 
Cn m2(p) + n2(f) 


with mm, and mz even, and m, and nz odd 
polynomials in ~, be the input imped- 
ance of a cascade of m transmission line 
sections of equal length 6, terminated in 
a resistance with at most one study of 
length 6, are 


1) Z(p) must be a positive real function of p; 
2) mymz — mnz = C(1 — #2)". 


The numerical difference between the 
degrees of (mitm) and (m2+m2) is 
equal to the minimum number of stubs 
involved.” 


* Received by the PGMTT, May 22, 1959, 
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3 H, J. Riblet, “General synthesis of quarter-wave 
impedance transformers,” IRE TRANs. ON MIcRo- 
WAVE THEORY AND TECHNIQUES, vol. MTT-S, pp. 
36-43; January, 1957. x fl 

4P. I. Richards, “Resistor-transmission-line cir- 
cuits,” Proc. IRE, vol. 36, pp. 217-220; February, 
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= 
9 


Fig. 1—Four circuits with the same input impedance 
(1). All lines are of length 6; all numbers are either 
resistances or characteristic impedances of lines, 


The theorem thus stated specifically 
excludes common factors of (mi-+m) and 
(m2.+n.). As Riblet has pointed out,? this 
results in a matiematical loss of generality, 
which however is physically trivial, since 
no measurement can distinguish between 
two one-ports consisting, respectively, of a 
resistance R, and a resistance R preceded 
by a length of transmission line of character- 
istic impedance R. 

A final comment on terminology. In my 
paper on the same subject, I specified 
“homogeneous” transformers without clearly 
defining this term, and would like to make 
up this omission now. 


Definition: A homogeneous waveguide is 
one in which the guide wavelength is 
independent of position. 


5L, Young, “Tables for cascaded homogeneous 
quarter-wave transformers,” IRE TRANs. ON Micro- 
WAVE THEORY AND TECHNIQUES, vol. MTT-7, pp. 233- 
237; April, 1959, 


As a corollary, an inhomogeneous wave- 
guide is one in which the guide wavelength 
varies with position; 7.e., it is not uniformly 
dispersive. The quarter-wave transformers 
which are the subject of this discussion 
and of the references mentioned so far are 
all homogeneous transformers. There has 
been little need in the past to distinguish 
between homogeneous and inhomogeneous 
quarter-wave transformers (as_ defined 
above), as no theory existed for the latter. 
However, inhomogeneous quarter-wave 
transformers have recently been analyzed,® 
and the above terminology was introduced 
to distinguish between these two situations. 

LEO YOUNG 

Electronics Div. 
Westinghouse Electric Corp. 
Baltimore, Md. 


6 L, Young, “Design of microwave stepped trans- 
formers with applications to filters,” Dr. Eng. disser- 


tation, The Johns Hopkins University, Balti 
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Broad-Band Stub Design* 


Mr. Muehe’s results for broad-band 
stubs,! while going beyond that of previous 
investigators, are similar to my design curves 
published earlier without detailed deriva- 
tion.? The main difference is that my curves 
were based on a formula involving the band- 
width as defined by the lowest and highest 
frequencies of zero reflection. Mr. Muehe's 
analysis is therefore superior to my simpler 
approach; my design curves erred on the 
safe side in predicting a slightly smaller 
bandwidth. 

LEo YOUNG 

Electronics Div. 
Westinghouse Electric Corp. 
Baltimore, Md. 


* Received by the PGMTT, May 15, 1959. 
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Attenuation of the HE;, Mode in 
the H-Guide* 


The properties of the lowest order hybrid 
mode of the H-guide line have been analyzed 
by Tischer in a number of papers.1~* This 
type of transmission line has also been under 
investigation at this laboratory for some 
time and a number of discrepancies exist 
between our analysis and those of Tischer. 

The geometry of this line is shown in 
Fig. 1. For comparison purposes, the co- 
ordinates and notation introduced by Tisch- 
er will be used throughout this letter. 


Fig. 1—Cross section of the H-guide line. The 
positive x-axis is into the paper. 


In Tischer! the dielectric slab is con- 
sidered thin and as a result, 1) dielectric 
losses are neglected, and 2) in the derivation 
of the expression for the wall losses the 
power flow in the dielectric slab and the 
losses in the portion of the walls contacting 


* Received by the PGMTT, May 15, 1959. 
1B, J. Tischer, “Microwellenleitung mit geringen 
verlusten” (Waveguides with small losses), Arch. 
ae Uebertragung, vol. 7, pp. 592-596; December, 
eeES J. Tischer, “The H-guide, a waveguide for 
microwaves,” 1956 IRE CoNVENTION RECORD, pt. 
5, pp. 44-47, 
_4F, J. Tischer, “Properties of the H-guide at 
microwaves and millimeter waves,” 1958 WESCON 
CONVENTION RECORD, pt. 1, pp. 4-12. 
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the dielectric slab are neglected. The result- 
ing equation for the attenuation due to the 
loss in the walls is a good approximation for 
a thin slab but it is not generally correct. 

The analysis conducted at this labora- 
tory yields the following equations for the 
attenuation due to the wall and dielectric 
loss respectively: 
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where a» and aq are the wall and dielectric 
attenuation foactors in nepers/meter if a, b, 
and Xo are in meters, R, is the surface 
resistance of the conducting walls, tan 6 is 
the loss tangent of the dielectric slab, Zo is 
the impedance of free space, and kg is the 
transverse wave number for the z-direction 
in the dielectric filled region. ka is related 
to the dielectric constant (e,), the dielectric 
slab width (a), and the free space wave- 
length (Ao) by the following transcendental 
equation: 


tan? 2 if 
es. 
3 32 
2 
=e tat ee (3) 


Eq. (3) is obtained by satisfying the bound- 
ary conditions at the dielectric-air inter- 
faces and requiring that the axial propaga- 
tion constant be the same in the air and 
dielectric regions. Graphical techniques have 
been used to determine [ka(a/2)] as a func- 
tion of (a@/do) and e,. For the lowest hybrid 
mode (HEun), [ka(a/2)] is constrained to be 
within the following interval. 


TT 
2 

If (e,-—1)42(a/do)? is very small, then 
[ka(a/2)] becomes a very small angle and 


the following approximation may be used 
for (3). 


2 
(4 <) w (er —1)e%(a/do)2. (4) 
“Using (4), the following thin slab limiting 


“value for a, and thin slab approximation for 
‘aq are obtained. 


a 
0< (m+ < 


It is of interest to comment on the other 
extreme condition in which (e,—1)?(@/Xo)? 
is very large and [ka(a/2)] approaches 7/2. 
In that case (3), (1) and (2) become, re- 
spectively, 
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It should be noted that (5) and (8) are, 
respectively, the expressions for the wall 
loss attenuation of a completely air-filled 
and a completely dielectric-filled parallel 
plane transmission line in which the lowest 
order TE mode is propagating. This serves 
as a good check on the validity of (1), since 
the HEn mode approaches the field con- 
figuration of this TE mode when the space 
between the conducting walls is uniformly 
loaded. 

If the same thin slab and thick slab ap- 
proximations are applied to the equations 
for a» in Tischer,!? it is found that the thin 
slab approximations agree but the thick 
slab approximations do not. 

In a more recent publication,? Tischer 
outlines a method of deriving equations for 
Qt» and ag, in which the dielectric slab need 
not be thin. The final expression for aw, 
which he presents, does not agree with (1). 
Furthermore if the thin and thick slab 
approximations are applied to his equation, 
it is found that they do not agree with 


‘either the limiting expressions presented 


here [(5) and (8)] or with those determined 
from his earlier publications.!? In addition, 
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the various curves of a» as a function of 
slab width in Tischer’s most recent publica- 
tion? do not agree with each other. In this 
most recent work of Tischer’s, no equation is 
presented for the attenuation due to the loss 
in the dielectric; however, a curve of ag vs 
slab width is presented for a particular line. 
This curve does not agree with the corre- 
sponding curve computed from (2). The two 
curves of ag vs slab width are shown here 
in Fig. 2. Also shown here is a curve of aw as 
computed from (1). 
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Fig. 2—Attenuation due to wall loss and dielectric 
loss as a function of dielectric slab width, 


These curves show that except for very 
thin dielectric slabs (assuming typical 
values for tan 6) the dielectric loss is the 
principal contributor to the total attenua- 
tion. Eq.s (2) and (6) show that, if either 
very thin slabs or very low dielectric con- 
stant materials are used, the dielectric loss 
can be comparable to or less than the very 
low wall loss. In that case there will be a 
range of frequencies in which the highly de- 
sirable property of decreasing attenuation 
with increasing frequency will exist. The 
price for this advantage is that the fields in 
the air space will decay very slowly with 
increasing distance from the dielectric slab. 
Therefore, the conducting planes will have 
to be extended in the g-direction. 

The HEn mode on this line has also been 
analyzed by Moore and Beam.‘ Their equa- 
tions for the field components of this mode 
are erroneous, however, in that they do not 
show that the transverse magnetic field 
which is parallel to the conducting planes 
is everywhere zero. This fact had been re- 
ported by Tischer and was confirmed by 
this writer. 

It should be noted that although the 
HEn mode is the lowest order hybrid mode 
of this line, it is not the dominant mode. 


4R. A. Moore and R. E, Beam, “A duo-dielectric 
parallel plane waveguide,” Proc, NEC, vol. 12, pp. 
689-705; April, 1957. 
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There is a class of TE modes which can 
propagate on this line.5§ The TE1o mode 
is the dominant mode of this structure. 
These TE modes should not be confused 
with the prior-mentioned TE modes which 
can only propagate in a uniformly-loaded 
parallel-plane line. : 

Tischer has shown that a conducting 
plane can be placed at the plane z=0 and 
not affect the field configuration of the HEu 
mode. This conducting plane completely 
suppresses all of the TE modes which are 
symmetric about the z=0 plane (TEto, 
TEso, etc.). If in addition the slab width is 
such that 


a 2 1 
Xo 2/€r — fie 


the TE. and all higher order antisymmetric 

TE modes cannot propagate. The HEn 

mode will then be the dominant mode of 

the resulting trough line. The attenuation 

due to the loss in this added conducting 

plane will not, however, decrease with in- 
creasing frequency. 

Marvin Coun 

Radiation Lab. 

The Johns Hopkins University 

Baltimore, Md. 


5M. Cohn, “Parallel plane waveguide partially 
filled with a dielectric,” Proc. IRE, vol. 46, pp. 1952- 
1953; December, 1958. 

6M. Cohn, “Propagation in a dielectric-loaded 
parallel plane waveguide,” IRE TRANS. ON MICRO- 
WAVE THEORY AND TECHNIQUES, vol. MTT-7, pp. 
202-208; April, 1959. 


Author’s Comment’ 


It was interesting to learn that my pro- 
posal of 1952 for a new waveguide, the 
H-guide, found such attention, and that it 
became the subject of investigation at 
several places. 

Concerning discrepancies mentioned in 
the above letter of Cohn, it is suggested 
that one should consider that approximate 
solutions, in general, depend on the neglec- 
tions introduced and may not be called 
either correct or incorrect. 

The equations for the attenuation of the 
H-guide dealt with in the above letter are 
quite complicated. One part of the attenua- 
tion constant, contributed by the wall losses, 
follows for comparison. The neglections, on 
which the approximations are based, are 
indicated. 

The equations are valid for the wave- 
guide of infinite height which is excited in 
the fundamental hybrid mode. They are 
approximations based on the field distribu- 
tion in a lossless guide: 


R, (=) 
bV Ra 
ey = BST, Gd eae ae (1) 


WED w€ou10 
Bcd ne) 


Ra 
cos? y + i ly +siny cosy | 
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cos? y + — [y + sin y cosy | 
érka 


7 Received by the PGMTT, June 22, 1959, 
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where 
a 
v=ka oF 


For small values of a, where the wall cur- 
rents and the Poynting vector become ap- 
proximately independent of z inside the 
dielectric (varying with cos ka, where 
kaz1), m—1, and it is the same as if the 
losses in the walls inside the dielectric and 
the power transmitted in this region were 
neglected. 

Eq. (1) becomes, after transformation, 


Bek ey 1 
ou bZo \2b 1 zi; ey 
Aco 
Goat 
2r 
a)" un 
: = — 3 
E zs ( 2a Xo ; ( ) 
which is (16) of the publication cited by 
Cohn. 


A limiting value for a»=ao is obtained 
if a0. 


2Rs f ro\? 1 
= — [ — SO — 4 
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which is the attenuation of the rectangular 
waveguide of infinite height excited in the 
TE19 mode. Typographical errors occurred 
in the above cited publication in the ex- 
ponents of the equations for ao and (16). 

Discrepancies seem still to exist be- 
tween Cohn’s (1) and the above (1) and 
(2), but no errors could be detected in our 
equation for ay. 

Due to lack of time and manpower in 
our case, I have to leave the honor of investi- 
gating and detecting this discrepancy to 
somebody else. 

Mr. Chen Pang Wu’s assistance in the 
calculations and checks is appreciated. 

F. J. TiscHER 

Dept. of Electrical Engrg. 
The Ohio State University 
Columbus, Ohio 


Mr. Cohn’s Reply® 


In Dr. Tischer’s above letter, I am in 
complete agreement with his corrected (3), 
since it is clearly labeled as an approximation 
for a thin dielectric slab. With regard to his 
more general equations, (1) and (2), dis- 
crepancies between our results certainly do 
exist. I submit that it is a necessary (though 
not sufficient) condition that the limiting 
values of a» for a0 and ao should 
agree respectively with the well-known 
solutions for the attenuation of an infinitely- 
high rectangular waveguide which is air 
filled and dielectric filled. Eqs. (1) and (2) 
in Dr, Tischer’s letter do not satisfy the 
thick slab limiting condition. 


Marvin Conn 


§ Received by the PGMTT, June 25, 1959. 
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Experimental Determination of 
Wavelength in Dielectric-Filled 
Periodic Structures* 


Let it be required to determine the 
guided wavelength in a dielectric-filled 
periodic structure, such as a corrugated wall 
or serrated waveguide. The accepted travel- 
ling probe technique requires a slot in the 
broad wall of the guide and a groove in the 
dielectric material. Even if the errors intro- 
duced by these modifications could be toler- 
ated, other effects render this technique 
unsuitable. One of these is a surface-wave 
effect which results in a measured wave- 
length higher than the one in the guide and 
lower than the free-space value. If the 
structure is dissipative, such as a serrated 
guide, more difficulties arise. 

A suggested solution to this experimental 
problem is based on Deschamps’ method of 
determining the elements of the scattering 
matrix.! All that is needed is the value of — 
the argument of the transfer coefficient 
Swe® where 6+27m is the electrical length 
of the sample and 1 is an integer. 

Suppose now that @ has been measured 
at two frequencies, f and f+é6f, where 6f/f is 
of the order of 107%. Let the guided wave- 
lengths in the two measurements be A, and 
Ayp+drg, respectively, and let Z be the 
length of the sample. Then, 


Ag(@+ 2am) =2rL (Aa) 
(Ag + dAg)(6 + 66+ 27n) = 2xL (1b) 


Implied in (1b) is the fact that @ is a 
continuous function of f which is true for 
periodic structures whose period is small 
compared with the guided wavelength. It 
appears that we have on hand two second- 
order equations in three unknowns: 1, dg 
and 6,. But by expressing 6, in terms of 
dy, f, and 6f we can obtain one third order 
equation in . It is expedient to use a method 
of numerical solution, because once an ap- 
proximate solution has been arrived at, the 
exact value of 2 becomes the nearest integer. 

We represent the structure by an equiva- 
lent dielectric constant ¢ and write 


ye s 
ad 
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where and 2, are the free-space and cut-off 
wavelength in the unloaded guide respec- 
tively. 

To a first approximation we have 


bee eat (a) 
dy df 
From (2) and (3) we have 
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and 


* Manuscript received by the PGMTT, April 24, 
1959; revised manuscript received, May 21, 1959. 

G eschamps, “Determination of reflection 
coefficients and insertion loss of a waveguide junction,” 
J. Appl. Phys., vol. 24, pp. 1046-1050; August, 1953. 
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dy nN 
df ni 
Substituting into (4) we obtain 
ayy he? \ of 
Se Sa pe 
ee da : (6) 


Substituting again from (1a) and (5) into 
(1b) we obtain 


acy Gat ai ane Soe + 
6S pea es 
2rL(O + 66 + 27n) 


0 + 21n ease 
Or putting 
6+ 2cn = x; “ae = 
we obtain 
af 


ee ee(i-F)tad 


af 
s0E— = 0. (6 
Ss be (6) 


In view of the fact that » is an integer, 
no error is introduced by the approximation 
involved in (4). The accuracy of the method 
depends solely on the accuracy to which 6 
and Z have been measured. On the other 
hand, f must be measured to an accuracy 
just sufficient for an unambiguous determi- 
nation of 2 from (6). 

Accuracy in the measurement of @ is 
assured by a high-quality slotted line and 
variable-short-circuit and it is suggested 
that no less than 10 points be measured for 
each frequency to assure the accurate 
plotting of the iconocentre of the trans- 
formed unit circle. 

The above described method has been 
successfully applied to the measurement of 
the propagation constant in a serrated wave- 
guide filled with polystyrene. 

EFRAIM WEISSBERG 
Scientific Dept. 

Ministry of Defence 
Hakirya, Tel Aviv, Israel 


An Automatic Microwave 
Dielectrometer* 


The dielectric constant of low-loss dielec- 
tric materials can be measured accurately, 
rapidly, and automatically by proper uti- 
lization of an automatic microwave imped- 
ance instrument of the type which presents 
its output in Smith Chart form; z.e., the 
magnitude and phase of the reflection co- 
efficient. The method employed is essential- 
ly a modification of the slotted line tech- 
nique which was originally described by 
Roberts and Von Hippel,! the difference 


* Received by the PGMTT, June 12, 1959; revised, 
15, 1959. 
July (Siciberis and A. von Hippel, *AvNew Method 
for Measuring Dielectric Constant_and Loss in the 
Range of Centimeter Waves,” Electrical Engrg. 
Dept., Mass. Inst. Tech., Cambridge, Mass.; March, 
1941. 
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Fig. 1—Dielectric slug in short circuited section of 
waveguide, 
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‘This chort converts reflection- coefficient phase 
angle shifts (or slotted line min shifts) directly 
into dielectric constant values, provided conditions 
listed below ore met. Unity scale position 

1 = corresponds to phase ongle (or min. position) 
se with slug removed from shorted line. 


| 
wilitialry 


50 
Kaul 
Ss) 


WN 
TTT nn Ch 


“ny 
<7 


m ys 

Of yom rnpnnyutiy! Ny Ny 
e se ve 

= 1.39886 0 

a=width of waveguide 

slug thickness=0.44444a 

slug height = waveguide height 

slug width =a 


X-band values: 
frequency~9375 mc, E 
woveguide-0.400 x 0.900 inch 
slug-0.400x0.400x 0.900 inch 


Fig. 2—Example of a oo reading dielectric constant 
scale, 
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Fig. 3—Schematic diagram of an automatic 
dielectrometer. 


being that the slotted line is replaced by an 
automatic impedance instrument with a 
direct reading scale. 

A sample of the dielectric to be measured 
is accurately cut in the form of a slug which 
fills the waveguide in its transverse dimen- 
sions and is positioned against a reference 
short circuit, as shown in Fig. 1. From the 
derived relationship for this case available 
in the literature,? it will be found that the 
change in a slotted line minimum position, 
caused by insertion of the dielectric slug, 
can be related to the dielectric constant of 
the slug by 


where 


x= “min-shift” distance (minimum posi- 
tion without sample minus that with 
sample) 
d, = wavelength in air-filled waveguide 
\’,= wavelength in dielectric-filled wave- 
guide 
d=length of sample. 


2C, G. Montgomery, “Technique of Microwave 
Measurements,” Rad. Lab. Ser., McGraw-Hill Book 
Co., Inc., New York, N. Y., vol. 11, Ch. 10, p. 627, 
(71); 1947. 
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The particular expression for \’, will con- 
tain the dielectric constant, of course. Upon 
replacing the slotted line with an automatic 
impedance instrument which measures re- 
flection coefficient, it becomes desirable to 
convert the “min-shift” distance, x, to the 
associated change in reflection coefficient 
phase angle, Aj, 


One can then calculate values of Ag for 
various values of dielectric constant, assum- 
ing fixed values for \, and d, and can con- 
struct circular scales which read directly in 
dielectric constant. An example of such a 
scale is shown in Fig. 2, calculated for 0.400 
X0.400 X0.900 inch slugs in X-band wave- 
guide at a frequency of 9375 me. It is as- 
sumed that the relative permeability is 
unity and that 0’, is given by the TE10 mode 
expression 


where 


\o=free space wavelength, 
e’=dielectric constant (relative) 
a@=width of waveguide. 


Scales such as this convert reflection coeffi- 
cient phase angle shifts directly into dielec- 
tric constant values, thereby permitting 
automatic indication. If variations in slug 
length or frequency are desired, a family of 
such scales can be constructed to cover the 
particular sets of conditions involved. 

To use the scale, replace the Smith Chart 
with it on whatever output device the imped- 
ance instrument utilizes, usually an oscillo- 
scope or a linear polar recorder. Next, 
align the unity scale position with the 
phase angle indicated for the reference short 
circuit by itself. Then simply insert the 
slugs against the short circuit and either 
record or read off the dielectric constant 
values. 

The accuracy of this type of dielectrome- 
ter is dependent upon the accuracy with 
which the automatic impedance instrument 
can follow changes in reflection coefficient 
phase angle at a given frequency. Results 
comparable to those obtained from slotted- 
line measurements require a phase angle 
accuracy of about +0.5 degrees. Instru- 
ments of this order of accuracy have been 
built,’ utilizing a servo driven Fox type 
rotary phase shifter as the principal element 
in the phase measuring circuit. 

If an automatic dielectrometer is de- 
sired, but an automatic impedance instru- 
ment does not happen to be available for 
such use, then the arrangement shown in 
Fig. 3 is suggested. It is based upon the 
reference impedance instrument.® 

WILLIAM F. GABRIEL 
Microwave Antennas and 
Components Branch 

U. S. Naval Res. Lab. 
Washington, D. C. 


W. F. Gabriel, “Automatic Microwave Imped- 
ance Recorder, X-Band Pototype Model,” U. S. 
Naval Res., Lab. Rept. No. 5295, Washington, D. C.; 
May, 1958. 
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Design Note on a Serrated Choke* 


The serrated choke described by Dr. 
Kiyo Tomiyasu and J. J. Bolus! is a very 
effective device to employ whenever long 
cuts or gaps are present on the walls of 
rectangular waveguide. This communication 
is concerned with the application of a ser- 
rated choke to an X-band waveguide ring 
switch,? wherein the waveguide was split 
longitudinally at opposite corners to form 
a rotor section and a stator section. 

The final choke design arrived at is 
shown in Fig. 1. It consists of 0.050 X0.050- 
inch square pins of 0.330-inch length spaced 
0.040 inch apart, with a gap of 0.015 inch 
between the pins and the adjacent choke 
surface. The reason for using such a small 
gap was to obtain as low an impedance as 
possible from the quarter-wavelength open- 
ended two-wire line stubs formed by the 
pins and the adjacent choke surface. The 
mechanical configuration involved was 
chosen so as to permit the choke to be easily 


* Received by the IRE, July 15, 1959. 

1K, Tomiyasu and J. J. Bolus, “Characteristics of 
a new serrated choke,” IRE TRANS. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-4, pp. 33-36; 
January, 1956. 

2 W. F. Gabriel, G. D. Peeler, H. P. Coleman, and 
D. H. Archer, “Volumetric Scanning GCA Antenna 
Design,” Naval Res. Lab., Washington, D. C., Rept. 
No. 5019, pp. 34-48; November, 1957. 
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Fig. 1—X-Band serrated choke design. 


SIDE VIEW 


and accurately cut by standard machining 
methods into the same piece of metal which 
forms the walls of the half-waveguide sec- 
tion, thus eliminating the need for any tedi- 
ous soldering or adjustment of individual 
pins. Another advantage of this design is 
that the metallic surfaces are continuous 
(no cracks) at all points of high current 
density, thus permitting higher RF power 
capacity. The point of attachment of a choke 
cover and the gap necessary to permit rela- 
tive movement of the two half-waveguide 
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TECHNIQUES 


Fig. 2—Experimental test sections of serrated 
choke machined from aluminum castings. 


sections both occur in the low current density 

region of the choke. Fig. 2 shows aluminum 

X-band experimental test sections which 

were constructed for the purpose of evaluat- 

ing the machined serrated choke. RF tests 

conducted upon such a section 37 inches in 

length showed a loss of only 0.1 db per foot, 

a power handling capacity in excess of 200 

kw peak, and no main-guide interference 

from choke channel propagation over the 
frequency band of 8200 to 10,000 me. 

WILLIAM F. GABRIEL 

Microwave Antenna and 

Components Branch 

U. S. Naval Res. Lab. 

Washington, D. C. 
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Field Distributions in: Jul 390 

Microwave Limiters, Characteristics of: 
Jan 18 

Millimeter-Wave Generation Utilizing: 
Jan 62 

Permeability Matrix for: Jan 176 

Phase Shifter for UHF: Jan 27 

Phase Shifters, Precise Control of: Apr 


229 

Rotators Using Quadruply-Ridged Wave- 
guide: Jan 38 

Serrodyne for Frequency Translation: 
Jan 32 


Variable Attenuator, Minimizing Hys- 

teresis in: Apr 295 
Filters: 

Cascade Directional: Apr 197 

Evacuated Waveguide, for Radar: Jan 
154 

High Power Diplexing: Jul 384 

High-Power Microwave: Jan 149 

High Power Microwave Rejection: Oct 
461 

Hybrid Junction-Cutoff Waveguide: Jan 
163 

Microwave Design Using Digital Com- 
puter: Jan 99 

Minimum-Loss, Tunable Passive Multi- 
couplers Employing: Jan 121 


Strip-Transmission-Line Resonator Di- 
rectional: Jan 168 
Tunable Passive Multicouplers Employ- 
ing Minimum-Loss, Correction to: 
Jul 369 
Waveguide, for Suppressing Spurious 
Transmission from S-Band Radar, 
Correction to: Jul 369 
Frequency Standard, Microwave, Employ- 
ing Optically Pumped Sodium Vapor: 
Jan 95 
Frequency Translation, Ferrite Serrodyne 
for: Jan 32 


G 


_Gas-Discharge Plasmas, Interaction of 

Microwaves with: Jan 69 

Gas Discharge Switches, Magnetic Field 
Controlled Microwave: Jan 73 

Great Britain, Microwave Advances in 1958: 
Jul 325 

Gyrator and Isolator, Wide-Band, Non- 
reciprocal TEM-Mode Structure for: 
Oct 453 


H 


H-Guide, Mode Attenuation in: Oct 480 

Harmonic Power Generated by Microwave 
Transmitters, Measurement of: Jan 116 

Helix Waveguides, Transmission of TEo 
Wave in: Jul 370 ‘ 

Hysteresis, Minimizing, in a Ferrite Vari- 
able Attenuator: Apr 295 


I 


Image Line Coupler: Jul 391 

Image Lines, Dielectric, at Millimeter Wave- 
lengths: Jan 65 

Impedance, Characteristic, of Split Coaxial 
Line: Jul 393 

Impedance with Negative Real Parts, Rep- 
resentation of: Oct 475 

Incidence Angle, Dependence of Reflection 
on: Oct 423 

Interferometer, Fabry-Perot, Reflectors for: 
Apr 221 

Isolator, Ferrite Load: Jan 174 

Isolator and Gyrator, Wide-Band, Non- 
reciprocal TEM-Mode Structure for: 
Oct 453 


J 
Japan, Microwave Advances in 1958: Jul 
331 


L 


Limiters, Ferrite Microwave, Characteris- 
tics of: Jan 18 


M 


Manufacture of Microwave Structures and 
Mechanical Design: Oct 402 
Maser, UHF Solid-State: Jan 92 
Mechanical Design and Manufacture of 
Microwave Structures: Oct 402 
Microwaves: 
Advances in Great Britain in 1958: Jul 
325 
Advances in Japan in 1958: Jul 331 
Advances in U.S.A. in 1958: Jul 308 
Advances in Western Europe in 1958: Jul 
327 
Interaction with Gas-Discharge Plasmas: 
Jan 69 
Structures, Mechanical Design and Man- 
ufacture of: Oct 402 
Millimeter Waves: 


Dielectric Image Lines at: Jan 65 
Generation, Present State of: Jan 42 
Generation Utilizing Ferrites: Jan 62 
Molecular Oscillator and Amplifier, Tun- 
able: Apr 268 
Mismatch Errors in Cascade-Connected 
Variable Attenuator: Oct 447 
bed Crystal, Delay Distortion in: Apr 
24 
Mode Attenuation in the H-Guide: Oct 480 
Mode Couplers and Multimode Measure- 
ment Techniques: Jan 110 
Mode Theory of Lossless Periodically Dis- 
tributed Parametric Amplifiers: Jul 360 
Modulator, Single-Sideband, Ferrite Half- 
Wave Plate for: Apr 295 
Molecular Oscillator and Amplifier, Tunable 
Millimeter Wave: Apr 268 
Multicouplers Employing Minimum-Loss 
Filters, Tunable Passive, Correction to: 
Jul 369 
Multicouplers, Tunable Passive, Employing 
Mininmum-Loss Filters: Jan 121 
Multiplexers, Waveguide, Strip Transmis- 
sion Line and: Oct 475 


N 


Network Representations of Obstacles in 
Waveguides: Apr 213 

Network, Zobel Stop and Pass Bands Re- 
ciprocal Two Port, Extension of: Jul 
392 

Noise Source Tubes, Argon, at S-Band: Jul 
395 

Nonreciprocal Devices, Enhancing the Per- 
formance of: Jul 394 


O 


O-Guide and X-Guide: Surface Wave Trans- 
mission: Jul 366 

Oscillator and Amplifier, Tunable Milli- 
meter Wave Molecular: Apr 268 

Ozaki’s Comments, Comments on: Apr 297 
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Parametric Amplifiers, Lossless Periodically 
Distributed, Mode Theory of: Jul 360 

Permeability Matrix for a Ferrite: Jan 176 

Phase Shifter, Ferrite, for UHF: Jan 27 

Phase Shifters, Ferrite, Precise Control of: 
Apr 229 

Plasmas, Gas-Discharge, Interaction of 
Microwaves with: Jan 69 

Propagation Constants of Circular Cylin- 
drical Waveguides Containng Ferrites: 
Jul 337 

Propagation Constants in Waveguide Par- 
tially Filled with Dielectric: Apr 294 

Propagation in a Dielectric-Loaded Wave- 
guide: Apr 202 


Q 


Quarter-Wave Compensation of Resonant 
Discontinuities: Apr 296 


R 


Radar, S-Band, Correction to Waveguide 
Filter for Suppressing Spurious Trans- 
mission from: Jul 369 

Radiation, Microwave, from Ferrimagnet- 
ically Coupled Electrons: Jan 6 

Reflection Coefficient Chart to Include Ac- 
tive Networks, Extension of: Apr 298 

Reflection Coefficient Measurements, Micro- 
wave, VSWR Responses for: Jul 346 

Reflection on Incidence Angle, Dependence 
of: Oct 423 


Reflectometer Techniques, Microwave: Jul 
351 

Reflectors for a Fabry-Perot Interferometer: 
Apr 221 

Rejection Filter, High Power Microwave: 
Oct 461 

Resonant Cavities, Design of Open-Ended: 
Jul 389 

Resonant Discontinuities, Quarter-Wave 
Compensation of: Apr 296 

Resonators, X-Band Cavity, End Plate 
Modification of: Jul 388 

Riblet’s Theorem, Comment on: Oct 477 


S) 
Science and Education in a Mature Society: 
Jan 4 
Semiconductors, High-Speed Microwave 


Switching of: Apr 272 

Serrodyne, Ferrite, for Frequency Transla- 
tion: Jan 32 

Single-Sideband Modulator, Ferrite Half- 
Wave Plate for: Apr 295 

Sodium Vapor, Microwave Frequency Stand- 
ard Employing Optically Pumped: Jan 
95 

Solid-State Maser, UNF: Jan 92 

Solid-State Microwave Amplifiers: Jan 83 

Spurious Mode Generation in Nonuniform 
Waveguide: Jul 379 

Spurious Transmission from S-Band Ra- 
dar, Waveguide Filter for Suppressing, 
Correction to: Jul 369 

Strip-Line Balun, Wide-Band: Jan 128 

Strip-Transmission-Line Resonator Direc- 
tional Filters: Jan 168 

Strip Transmission Line and Waveguide 
Multiplexers: Oct 475 

Stub Design, Broad-Band: Oct 478 

Surface Wave on a Dielectric Cylinder, Effi- 
ciency of: Apr 257 

Surface Wave Transmission, O-Guide and 
X-Guide: Jul 366 

Switch, Ferrite Cutoff: Jul 332 

Switches, Magnetic Field Controlled Micro- 
wave Gas Discharge: Jan 73 

Switching, High-Speed Microwave, of Semi- 
conductors: Apr 272 


Ae 


Tapers, Double, in Rectangular Wave- 
guides: Jul 374 

Temperature Effects in Ferrite Devices: Jan 
15 

Transformer Theorem and Ideal Attenua- 
tor, Weissfloch, Analogy Between: Oct 
473 

Transformers, Cascaded Quarter-Wave Ta- 
bles for: Apr 233 

Transmission Line Chart, Logarithmic: Apr 
Dati 

Transmission Line, Strip, and Waveguide 
Multiplexers: Oct 475 

Transmission Lines, Dielectric Loaded, Non- 
reciprocity in: Jan 23 

Transmission, Surface Wave, O-Guide and 
X-Guide: Jul 366 

Transmission of TEo Wave in Helix Wave- 
guides: Jul 370 

Transmitters, Microwave, Measurement of 
Harmonic Power Generated by: Jan 116 

Tubes, Argon Noise Source, at S Band: Jul 
395 

U 


U.S.A., Microwave Advances in 1958: Jul 
308 
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Vv 


Voltage Standing Wave Ratio Responses for 
Microwave Reflection Coefficient Meas- 
urements: Jul 346 


WwW 


Waveguides: 
and Cavities with Inhomogeneous Aniso- 
tropic Media: Oct 441 
Circulators, Synthesis of: Apr 238 
Containing Ferrites, Circular Cylindrical, 
Propagation Constants of: Jul 337 
Coupler, Optimum Multi-Branch, Design 


of: Oct 466 

Dielectric-Loaded Propagation in: Apr 
202 

Far Fields Excited by Point Sources in: 
Apr 282 


Ferrite High-Power Effects in: Jan 11 

Ferrite Loaded, Transverse Electric Field 
Distributions in: Jul 390 

Filter, Evacuated, for Radar: Jan 154 

Filter for Suppressing Spurious Trans- 
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mission from S-Band Radar, Cor- 
rection to: Jul 369 

Filters, Hybrid Junction-Cutoff: Jan 163 

Helix, Transmission of TEo: Wave in: Jul 
370 

Junctions, Symmetrical, Assymetry Pa- 
rameters for: Oct 430 

Measurement of Discontinuities in: Jan 
102 

Multiplexers, Strip Transmission Line 
and: Oct 475 

Network Representations of Obstacles in: 
Apr 213 

Nonuniform, Spurious Mode Generation 
in: Jul 379 

Partially Filled with Dielectric, Propaga- 
tion Constants in: Apr 294 

Quadruply-Ridged, Ferrite Rotators Us- 
ing: Jan 38 

Rectangular, Design of Double Tapers in: 
Jul 374 

Serrated Ridge: Jan 142 

Tapered Rectangular, Reflection of: Apr 
192 


Tapered, Reflection Coefficient of: Jan 
175 
Trough, Periodic Structures in: Jan 134 
Twist, Ferrite-Loaded Rectangular: Apr 
299 
Vector Formulations for Field Equations 
in: Apr 298 
Wavelengths in Dielectric Filled Periodic 
Structures, Experimental Determina- 
tion of: Oct 480 
Weissfloch Transformer Theorem and Ideal 
Attenuator, Analogy Between: Oct 473 
Western Europe, Microwave Advances in 
1958: Jul 327 


».¢ 


X-Guide and O-Guide Surface Wave Trans- 
mission® Jul 366 


Z 


Zobel Stop and Pass Bands Reciprocal Two 
Port Network, Extension of: Jul 392 


NOTICE TO 
ADVERTISERS 


Effective immediately 
the IRE TRANSAC- 
TIONS ON MICRO- 
WAVE THEORY AND 
TECHNIQUES will ac- 
cept display advertising. 


CAREER POSITIONS AVAILABLE 
with 
SANDERS ASSOCIATES, INC. 


in Nashua, New Hampshire 


TRI-PLATE® Strip Transmission Line, developed by Sanders Associates, is 
quickly replacing waveguide and coaxial components in both military and com- 
mercial equipments. It is typical of the advanced work being done at Sanders. 


The Microwave Engineering Depaitment is very active in almost all types of 
antenna and component work from 30 megacycles to K-band. 


We are interested in discussing the following fields of antenna and microwave 
engineering with Engineers, Physicists and Technicians at al] levels of applicable 
experience. 
Directional Filters @ Spiral Antennas @ Harmonic Generators 
Low-noise Mixers © PANAR@® Antenna Arrays 


TRI-SCANNER® Conical Scan Antennas 
Special purpose microwave tubes 


For full details contact 
Tore N. Anderson, Ad- 
vertising Editor, PGMTT 
TRANSACTIONS, 1539 
Deer Path, Mountainside, 
NJ. 


Ay ® trademark reg. U.S. Patent Office 
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_ THERE’S MORE TO A D-B 
_ BROADBAND, 
THAN JUST — 
THE DIAL! | 


Here is the D-B calibration 
chart showing the high 
resolution and accuracy you 
get with any D-B wavemeter. | 


Twelve models cover 
from 2.6 KMC to 140 
KMC. Write for complete 
data in Bulletin D-B 715. 
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The IRE Professional Group on Microwave Theory and Techniques is grateful for 
the assistance given by the firms listed below, and invites application for Institu- 


tional Listing from other firms interested in the Microwave field. 


AIRTRON, INC., A Division of Litton Industries, 200 East Hanover Ave., Morris Plains, N.J. 


Designers and Producers of Complete Line of Microwave Electronic and Aircraft Components 


COLLINS RADIO CO., Texas Division, Dallas, Tex. 


Complete Microwave and Transhorizon Communication Systems 


ITT LABORATORIES, 500 Washington Ave., Nutley 10, NJ. 
Line-of-Sight and Over-the-Horizon Microwave Systems; Test Equipment and Components 


LITTON INDUSTRIES, Electron Tube Div., 960 Industrial Rd., San Carlos, Calif. 
Magnetron, Klystrons, Carcinotrons, TWT's, Backward Wave Oscillators, Gas Discharge Tubes, Noise Sources 
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Single Crystals and Polycrystalline Y.I.G. and Related Ferrites Designed for Your Devices 


MICROWAVE DEVELOPMENT LABS., INC., 92 Broad St., Babson Park 57, Mass. 


Designers, Developers and Producers of Microwave Components and Assemblies, 400 mc to 70 kmc 


WHEELER LABORATORIES, INC., Great Neck, N.Y.; Antenna Lab., Smithtown, N.Y. 


Consulting Services, Research & Development, Microwave Antennas & Waveguide Components 
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HIGH-VOLTAGE REGULATED 
POWER SUPPLIES % 


e@ LOW RIPPLE. 


@ FXR Model Z850A_ @)FXR Model Z851A @)FXR Model Z852A 
* Oto 12 KV * Oto 10 KV 


*O0to 18 KV 
* 150 MA * 250 MA * 1 AMP 
* Ripple, 4 MV * Ripple, 5 MV * Ripple, 5 MV 


% Newest representatives of FXR’s 
commercial line of high-voltage 


power supplies. 


pioneers in the design and 
manufacture of custom and standard 


high-power pulse modulators, 


EXCEPTIONAL REGULATION — BETTER THAN 0.1% WITH 
A 10% FLUCTUATION OF PRIMARY POWER. 


BUILT-IN FOCUS, FILAMENT AND MAGNET SUPPLIES. 


RF INSULATION TECHNIQUES INCORPORATED TO 
MINIMIZE PICK-UP AND CORONA NOISE. 
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show m here, PER Model Z850A 
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formarly F-R cine WORKS, Inc. 
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